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and 
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A  brief  history  of  the  frequency  control  symposium 
is  given  together  with  a  short  report  of  the  state-of- 
the-art  in  19li7.  The  progress  and  achievements  in  the 
past  25  years  as  presented  at  the  various  symposia  will 
be  reviewed  in  some  detail  covering  the  following  cate¬ 
gories:  synthesis  and  product. on  of  piezoelectric  tat- 
erials,  fundamental  studios,  crystal  unit  development 
and  engineering,  temperature  control  and  compensation, 
filters  and  measurement  and  teat.  A  brief  concluding 
statement  'fill  bo  made  33  to  the  direction  wr°re  future 
RAD  efforts  may  lead  us. 

Introduction 

Tho  first  symposium  was  held  .  a  conforer.ee  room 
of  the  Squier  Laboratory  in  V/l!.  U  was  attended  by 
personnel  from  the  throe  se-vtcet .  contractors  on  tnu 
problems  of  frequency  control,  and  members  of  tho  sub¬ 
panel  on  frequency  control  of  Oo  old  Rcsuarcn  and  Devel¬ 
opment  Board.  The  purpose  of  th»3  symposium  wao  to 
review  progress  on  the  variou..  -ontracts  to  assist  the 
military  in  future  program  planning.  During  tho  next 
three  meetings  it  was  expande  i  to  include  othorj  and 
went  to  Oibbs  Hall.  I>ie  to  larger  attemi/inco  it  moved 
to  Asbury  park  In  1951,  and  s ;  ,yod  thore  until  tho  first 
mooting  in  Atlantic  City  in  lyiO,  tho  fourteenth 
symposium. 

et  U3  tako  a  look  at  the  status  in  19i»7  as  wo  saw 
it  thoi  .  Professor  Cady's  boos  on  piezoelectricity  had 
boon  pu-’llsnod.  Raymond  Hoisif.g  had  publislied  his  book 
on  advairamonts  in  theory,  design  and  production  during 
the  war  years.  In  addition,  through  the  Galvin  Industries 
and  Tho  Western  Electric  Comp.rvy  much  of  tho  manufac¬ 
turing  techniques  had  boon  male  available  to  tho  industry. 
From  a  device  standpoint  plated  high  frequency  crystal 
units  had  been  dovolopod  which  wore  stable  under  3overe 
shock  and  vib”ation.  This  was  j  major  improvement  at  that 
tine.  Wo  had  soalod  motal  holders  and  tho  dimensioning 
rules  had  booi  established  for  .nigh  frequency  quartz 
platee.  For  precision  crystal  units  such  as  usod  in  tho 
LORAH  equipment,  the  100  kHz  GT  had  boon  dovolopod. 

After  throo  months  of  operation  ir.  th  •  equipment,  it  was 
stable  to  about  part  in  10^  per  day.  In  rotrospect, 
by  today* 3  standav  is,  in  19li7  tno  holders  loakud,  high 
frequency  crystal  ' units  aged  or  drifted  badly  and  they 
had  high  resistance  at  low  drtvo  lovols.  Thore  was 
considerable  variation  in  resistance  with  tomporaturo  and 
many  of  them  hac  -  "wanted  modt3  which  caused  actual  off 
frequency  operation  in  tho  equ.pnents. 

One  of  the  results  of  thi.  study  has  boon  a  discov¬ 
ery  of  tho  amazing  amount  of  technical  and  other  inform¬ 
ation  that  hae  been  recorded  ir  the  proceoding3  of  the  10 
symposia.  Our  advice  to  any  ycung  chap  starting  In  tho 
business  today  would  be:  go  luck  and  road  tho  proceedings 
of  past  symposia.  Make  a  note  of  the  year  and  the  article 
that  Is  of  particular  interest  and  then  whsn  you  moot  a 


problem  In  tho  Lafcojatory  or  in  tho  development  of  equip¬ 
ment  that  ring.s  a  bull,  re-read  and  study  those  articles. 
You  will  bo  surprised  at  tho  amount  of  time  this  will 
3avs  and  tho  amount  of  Information  you  will  find  there. 

To  cover  all  of  tho  developments  in  tho  pa3t  25 
years  in  the  period  assigned  to  us  this  morning  would 
bo  an  impossible  task.  However,  we  havo  plckod  a  few 
categories  which  we  think  will  bo  of  interest  to  most 
of  tho  poople  here. 

General 

Before  we  go  into  details  of  tho  review,  it  is 
interesting  to  havo  a  more  general  look  at  oho  type  of 
papers  which  have  been  presented  during  tho  years  and 
to  observe  tho  ups  and  downs  in  technology  manifestoa 
by  the  number  of  papers  In  the  various  technical  cator* 
gorioj.  Slide  1  shoW3  that  our  3ympo3ia  stirtoa  with 
a  rather  largo  effort  in  tho  synthesis  of  qinrtz  and 
other  crystals  which  were  candidates  for  frequency 
control  applications.  A3  the  growing  of  cultured  quartz 
was  more  and  nore  perfected,  work  on  other  crystals 
stopped  as  you  can  see  from  tho  doclining  ninbers  of 
papers  in  this  category.  Thon,  work  In  atomic  and  mol¬ 
ecular  frequency  controL  gainod  momentum  nni  it  came  in 
so  strongly  that  a  soparato  session  was  arnngod  in 
1956.  The  papors  given  at  this  mooting  are  also  counted 
in  tho  overall  number  of  papers  in  thin  field.  In 
contrast  to  these  two  catcgorlo3,  the  number  of  papors 
in  the  field  of  fundamental  properties  of  crystals  for 
instance,  resemble  more  a  quietly  flowing  river  and 
they  probably  will  continue  to  tk>  so  for  some  tine  to 
cone. 

Slide  2  shows  a  vr*»\  of  92  articlos  of  interest 
in  the  various  categories  shown  that  wore  selected 
from  the  proceedings  of  tho  oVr.po3ium  published  3lnce 
1956.  Oth. r  authors  might  have  soloctod  differently 
and  its  qu*te  possible  not  all  our  choices  save  boon 
tho  bosl  since  it  would  require  considerable  study  to 
do  n  propor  selection.  This  3lldo  sorves  oily  to  show 
tho  iroas  that  have  received  the  most  troationt  through¬ 
out  tho  years  1956-1970.  Much  of  the  published  matorlal 
shown  here  was  of  course,  initiatoo  *n  previous  symposia 
of  which  tho  many  contractual  reports  1'  the  only  3ourc e 
of  information.  For  example,  prior  to  19o6,  tho  prin¬ 
ciples  for  tho  growta  of  quartz  had  boon  well  esta¬ 
blished,  tho  mathematical  solution  to  tho  many  vibra¬ 
tion  problems  in  quartz  plates  wa3  well  undsr  way,  tho 
2.5  and  5  MHz  high  froquoncy  precision  crystal  unit 
designs  wore  nearly  complete,  VHF  crystals  lad  boon 
developed,  initial  work  had  been  started  or.  tho  use  of 
thermistors  for  temperature  compensation  of  crystal 
control  oscillators,  the  inpodaneo  motors  far  measure¬ 
ment  of  frequoncy  and  resistance  wero  under  development 
and  several  papors  had  boon  published  on  me  lUfacturtag 
procedures.  We  will  now  proceed  to  give  /u  a  brief 
report  of  tho  progress  in  each  category,  ho  attempt 
will  be  made  to  establish  credit  but  reference  to 


i 


individuals  or  institutions  may  ba  s.ade  to  mora  clearly 
identify  tho  subjoct  material. 


nthesis  and  Materials 


We  will  start  our  more  detailed  review  with  the 
great  success  of  having  available  today  cultured  quartz 
which  is  superior  to  natural  quartz  in  many  respects. 
Papers  on  thi3  subject  wore  presented  by  Boll  and  Brush- 
Clevite  personnel  at  almost  oach  symposium,  Joined  later 
by  Sawyer  Research.  Two  growing  methods  finally  yieldod 
excellent  results;  the  high  pressure,  (1200  -  1300  bar) 
fa3tor  method  with  NaOH  solution  used  by  Bell  and  Westorn 
Electric,  and  the  low  pressure,  (600  -  900  bar)  slower 
method  with  tla.CO^  solution  used  by  Brush-Clevite-Sawyer. 
Success  reached  by  all  rosoarchers  was  tho  result  of 
very  thorough,  systematic  investigations.  Fig.  59-17 -b* 
shows  the  results  of  a  study  of  tho  growth  rate  on  the 
basal  plane  as  a  function  of  the  percent  fill  in  NaOH. 
Also  in  1 959,  success  was  reported  in  growing  quartz  bars 
with  the  length  parallel  to  X  specifically  suited  for 
tho  fabrication  AT  cut  plates  as  3hown  in  Fig,  59-1(62-1. 
The  composite  naturo  of  cultured  quartz  material  is 
vividly  revealed  in  Fig.  65-669-p.  672  which  shows  threo 
irradiated  sections  cut  from  a  X  -  bar  cultured  quartz. 
Tho  smoky  sections  are  the  +X  and  -X  growth  regions  and 
they  show  slightly  more  internal  friction  than  tho  un- 
colored  Z  -  growth  material.  In  both  natural  and  cul¬ 
tured  quartz,  smoky  color  doe3  not  necessarily  mean 
lowered  Q.  If  a  quartz  plate  is  cut,  with  a  +XZ  boundary 
traversing  its  active  region,  1-rgor  losses  may  manifoot 
thcmsolvo3. 


After  a  lull  of  ton  years,  now  work  on  piozooloctrlc 
crystals  other  than  quartz  has  bean  reportod,  specifi¬ 
cally  tho  five  materials  shown  in  Fig,  65-5-2  have  boon 
grown  in  crystalline  form  and  their  elastic,  piezoelec¬ 
tric  properties  measured.  Specifically,  lithium  niobato 
and  lithium  tantalate  look  very  promising.  Whilo  retain¬ 
ing  tho  desirable  features  of  quartz,  such  as  high  Q, 
hardnoss  and  good  crystalline  perfection,  they  are  char¬ 
acterized  by  coupling  factors  which  are  about  fivo  timos 
greator  than  those  of  quartz.  These  properties  make 
them  highly  suitable  Tor  frequency  control  devices  in 
the  VHP  rango,  especially  in  crystal  fiitor  applications. 

Fundamental  Studios 

Work  on  quartz  synthesis  has  avakonod  great  intorost 
in  the  fundamental  properties  of  crystalline  materials 
and  this  effort  has  led  over  tho  yoars  to  a  profound 
knowledge  of  tho  lattico  paranotors  and  the  influence  of 
imperfections  on  Q  and  other  resonator  properties.  A 
paper  was  glvon  in  1957  which  reported  on  tho  measure¬ 
ment  of  tho  resonance  resistance  of  crystal  units  made 
from  natural  and  synthetic  quartz,  botvoen  three  and 
nine  MHz  and  1.2  to  liOO°K.  For  these  and  most  of  tho 
later  raoasuromonts,  a  precision  5th  ovortono  glasa- 
onclo3od  AT  -  cut  vibrator  has  boon  used.  Thi.3  parti¬ 
cular  construction  has  boon  employod  because  its  unique 
design  suggests  that  most  of  the  measurable  loss  is  in 
tho  vibrator  material  and  not  in  tho  mounting  structure. 
Fig,  57-62-6  shows  tho  ro3onanco  resistance  of  SMHz 
crystal  units.  Tho  location  of  tho  relaxation  peak3  wi  s 
the  same  for  all  samples  tested,  but  tho  magnitude  varied 
groatly.  Fig.  58— 8U-7  shows  that  the  absorption  poak  at 
50°K  disappears  rftor  X-ray  irradiation,  but  a  poak  at 
100°K  shown  in  this  figure  derives  from  substitutional 
Al«  This  peak  i3  not  apparent  in  quartz  grown  on  Z-cut 
(Z-growth),  Fig,  60-1-1  shows  moasuremor.ts  of  tho  acous¬ 
tical  absorption  at  higher  tcoporaturos.  This  rising 
acoustic  absorption  appears  in  thickness  3hear  modes 


above  room  temporature  and  poaks  at  130  C  but  occurs 
only  in  Z-growth  quartz.  This  I003  was  first  ascribed 
to  tho  formation  of  sodium  aluminum  silicate  tut  was 
shown  at  the  1967  Symposium  to  be  correlated  with  OH  in 
quartz.  It  was  also  reported  at  that  time  that  lithium, 
used  as  a  dopant  of  the  growth  solution,  results  in 
significant  improvements  in  synthetic  quartz.  It 
approaches  in  its  properties,  including  it3  frequency- 
temperature  behavior,  tho  bost  quality  natural  quartz. 
Other  techniques  have  also  been  reportod  which  can  be 
used  to  eliminate  the  acoustic  effects  caused  by  the 
sodium-aluminum  centers:  X-  or  gamma  ray  irradiation,  or 
electrolysis.  Tho  latter  treatment  has  the  added  benefit 
of  reducing  the  sensitivity  of  the  resonance  frequency 
to  ionizing  radiation. 

Prof.  Mindlin  ar>d  his  associates  at  Columbia  Univer¬ 
sity  have  made  very  important  and  lasting  contributions 
on  tho  mathematical  theory  of  vibrations  of  crystal 
plates.  Fig.  67-3 -T  shows  tho  various  oossiblo  nodes  of 
vibration  along  X3  and  .(3  in  a  rotated  X  -  cut  quartz 
plcte.  All  these  modes  have  ovortonos  and  they  are 
coupled  to  varying  dogroos.  Those  formidable  vibration 
problems  have  been  troated  step  by  step,  as  loportod  at 
the  various  ^qnpo3ia. 

It  is  impossible  to  do  Justice  to  all  of  Prof. 

Kindlin' s  contributions,  30  we  wish  to  focus  your  atten¬ 
tion  on  what  ha 3  boer.  reportod  during  tho  last  few  yoars. 
In  tho  caso  of  rectangular  platos  with  all  four  edges 
free,  solutions  are  not  oxprossibio  in  terms  of  a  finito 
number  of  elementary  functions,  Tho  additional  compli¬ 
cations  of  anisotropy  and  high  frequency  makes  general 
solutions  even  more  intractablo.  However  a  pruning  of  the 
genoral  equations  considering  tho  specialities  of  tho  AT 
cut  resulted  in  a  set  that  could  be  solved  in  close  form. 
This  solution  shown  in  a  paper  by  Mindlin  and  Spencer 
contained  an  additional  family  of  modes  -  tho  thickness 
twist  overtones  a3  shown  in  Fig.  67-3-2.  The  modo  shape 
comprises  phase  rovorsals,  across  the  width  of  the  plate, 
resulting  in  a  twi3t).ng  deformation  across  tho  width. 

Fig*  67-3-5  shows  a  comparison  of  the  computed  and 
measured  resonance  froquencio3  of  coupled  thickness  - 
shoar  and  flexure  and  thoir  twist  overi.ono3  for  a  rec¬ 
tangular  AT  -  cut  plate.  Tho  agroemont  between  theory 
and  experiment  is  quite  impressive.  To  identify  moro 
completely  the  measured  resonances,  X-ray  diffraction 
topographs  aro  shown  in  Fig.  67-3-7.  Tho  fundamental 
thickness  shear  mode  ( n-*0,  m?"l)  is  not  shown.  Directly 
abovo  this  modo  in  frequency  is  tho  (r.“2,  mo“i)  tvi3t 
ovortono  of  tho  thickness  shear  modo  for  which  a  topo¬ 
graph  is  shown.  Tho  floxuro  components  of  displacement 
are  still  visible  as  banding  of  tho  shear  displacement. 

The  other  3  topographs  show  other  *wi3t  ovortonos,  one 
symmotric  overtone  of  thickness  shear  and  tho  36th  ovor¬ 
tono  of  floxuro. 

Tho  X-ray  topograpr.tc  method  was  roportod  tho  first 
time  at  tho  19o3  Symposium.  Fig.  66-1-2  shows  how  power¬ 
ful  this  mothod  is.  It  is  a  frequency  scan  of  a  funda¬ 
mental  thickno33  3hoar  AT  resonator.  X-ray  topographs 
were  taken  at  sovoral  resonances  froquencios.  Tho  light 
sections  dividing  dark  areas  are  nodes.  Noto  the  irre¬ 
gularities  in  tho  material  and  strained  area  duo  to  tho 
mounting  structure, 

Shockley  and  his  coworkers  of  Clovito  Corp,  pre¬ 
sented  at  the  1963  symposium  a  paper  entitled  "Energy 
Trapping  and  relatod  studios  of  multiple  electrode 
fiitor  crystals".  Tho  conclusion  of  this  important  paper 
surmarizes  thoir  results  in  a  nutshell;  therefore  wo 
quote  it  here  verbally.  "Performance  characteristics 
of  high  frequency  quartz  filter  crystal  units  can  bo 


■♦The  flguro  numbers  indicato  tho  year  of  tho  symposium  -  tho  page  or  whlc1  tho  papor  appears  in  the  proceedings  - 
and  tho  actual  figure  number  for  that  paper. 


explained  in  terms  of  existing  elastic  wave  theory  and  a 
cut-off  frequency,  which  in  effect  confines  the  vibratory 
energy  to  a  limited  region  surrounding  tne  electroded 
portion  of  the  wafer.  Belov  the  cut-off  frequency, 
vibratory  energy  decays  exponentially  with  distance  away 
from  the  oloctroded  portion  of  the  wafer.  This  expon¬ 
ential  decay  is  not  associated  with  dissipation  but 
rather  acts  to  trap  the  vibratory  energy  within  a  con¬ 
fined  region.  This  explains  the  high  Q  values  observed 
for  quartz  resonators  mounted  on  low  Q  supports  and  gives 
a  theoretical  basi3  for  the  small  intor-resonator  coup¬ 
ling  observed  on  multi-resonator  wafers.  Application 
of  the  principles  described  here  sJould  load  to  sub¬ 
stantial  improvement  in  Q  of  tugh  frequency  filter 
crystals  and  to  further  displacement  in  frequency  of 
spurious  responses  from  their  principal  resonance." 

Fib-  63-88-1?  shows  the  Q  of  a  dot  resonator  as  a 
function  of  the  number  of  half  wavelengths  to  the  plate 
odgo.  The  experimental  values  agree  vory  well  with 
thoory  which  postulates  the  trapping  of  the  oscillating 
energy  for  a  certain  lower  va.ue  of  dA*.  On  the  other 
hand,  if  moot  of  tho  energy  of  the  shoal  wave  is  confined 
to  the  plated  portion,  for  example,  the  rate  of  ilecay  into 
the  tinplated  part  of  the  cry3t,..l  plato  i3  rapid,  then 
anharmonic  modes  due  to  the  plate  boundary  will  to  3ub- 
duod.  Tho  response  spectrum  .,f  a  10  Hiiz  IT  cut  resonator 
is  shown  in  Fig.  61t— 93-U  where  all  anhammic  resonancos 
below  tho  cut-off  frequency  6>  for  the  unplated  part  are 
trappod  within  tne  platod  part  of  the  plate.  In  Fig. 
614-93-6,  fit  is  nuch  lower  (the  plating  thickness  is 
decreased)  and  vory  littlo  trapping  of  anharmonic  over- 
tonos  appears,  Wo  will  discuss  the  importance  of  these 
findings  for  filters  later. 

Kindlin' n  tremendous  theoretical  tools  and  experi¬ 
ence  carao  extremely  handy  In  ucming  up  with  a  thoory  for 
tho  phenomenon  of  "energy  trapping."  Tho  dispersion 
curves  for  thickness  shear  and  flexual  waves  in  an  in¬ 
finite  plate,  propagated  in  the  X  -direction  13  shewn 
in  fig.  t6-r$r-2  which  demonstrates  tho  criticality  of 
tho  electrode  dimensions.  Wmcnolonloss  frequency  is 
plotted  as  ordinate  and  lateral  vavo  number  as  abscissa. 

A  detailed  study  of  this  graph  will  relate  tho  eloctrodo 
uimonsions  for  trapped  onorgy  resonators.  Tito  uppei 
curves  are  tne  dispersion  curves  for  cho  ujicootod  and 
the  lowor  onss  for  tho  coated  part  of  U10  plate.  To  tho 
loft  of  zero,  the  wave  numbor  is  imaginary  and  the  waves 
are  non-propagating.  At  frequencies  between  the  tie  cut¬ 
off  frequencies,  tho  thickness  -  shear  motion  in  tho 
platod  part  -s  propagating,  but  in  tho  unplatod  portion, 
vo  have  again  non-propagation  oO  that  the  amplitude  falls 
off  exponent-ally  outsido  of  tho  platod  portion.  Above 
the  cut-off  frequency  of  tho  unplated  portion,  both 
waves  aro  propagating  over  the  ontire  plate.  If  tho  X  - 
dimension  of  the  plating  is  dhurt  enough  so  that  tho 
lateral  wavelength  of  tho  first  anharmonic  ovortono  would 
nave  to  bo,  roughly,  two  thirds  tho  length  of  tho  plating, 
tho  wave  number  would  be  high  and  the  frequency  of  tho 
first  anhamotuc  overtone  would  be  abovo  the  cut-off 
frequency  in  tho  unplatod  portion.  Thon  that  first  and 
all  higher  ovortonoa  would  propigatc  out.  The  critical 
length  of  plating,  thon,  will  ue  inversely  proportional 
to  tiio  wave  number  in  tho  plated  portion  at  tho  cut-off 
frequency  of  tho  unplated  portion  of  tiie  plato. 

in  19j0  a  paper  was  presented  on  high  precision 
crystals  which  were  oxcitod  by  electrodes  creating  a 
fiold  parallel  to  the  major  surfaces  of  tho  plato.  -inco 
this  arrangement  loft  the  no3t  active  center  part  of  tho 
plate  free  of  coating,  a  hlgha.  C*  resultod,  bought,  how¬ 
ever,  for  the  price  of  a  nigher  impedance  lovol  of  ths 
crystal  unit.  The  parallel  -  f-old  excitation  proved  to 
bo  advantageous  vhon  the  crystal  was  exposed  to  sudden 
temperature  charges.  Fig,  63-2**8-l*  shows  that  tho  trans¬ 
ient  frequoncy  ciiango  is  one  order  of  magnitude  smaller 
than  in  tho  cast  of  tho  perpendicular  fiold. 


Several  excellent  papers  appeared  during  the 
history  of  our  Symposium  on  precise  detormi  lation  of  the 
temperature  coefficient  of  the  stiffness  cosfficiei.i 
and  ths  frequency.  A  paper  given  in  1961  investigated 
double  rotated  cuts  and  resulted  in  ths  introduction  of 
a  new  cut.  Its  orientation0according  to  IE2E  nomen¬ 
clature  i3  0  "  -3h°;  p  m  1$  .  Fig  61-22-6  3hows  that  it 
has  about  tho  same  minimum  frequency  deviation  as  tho 
best  AT  cut,  but  displays  a  second  order  parabola.  Tho 
main  value  of  these  studie:,  however,  is  the  precise 
determination  of  first  order  temperature  coefficients. 

Very  high  precision  measurements  on  the  same  topic  wer 
presented  at  last  year's  Symposium.  Fig.  71-55-9  shows 
the  locus  of  tho  turnover  temperature  neasurod  with  2'Jiz 
high  procialon  AT  resonators.  Tho  scatter  if  too  measured 
points  i3  seen  to  ie  within  a  5"  band  about  tho  calct • 
latod  curve,  ind  ative  of  the  angular  error,  and  mere 
important,  of  *  henogenity  of  natural  quartz. 

Before  we  close  our  discussion  on  tho  more  funda¬ 
mental  properties  of  crystals,  we  want  to  mention  meas¬ 
urements  of  the  influence  of  applied  comprcssional  forces 
on  tho  frequency  of  ar  AT  plate  as  a  functisn  of  the 
azimuth  as  3howr.  in  Fig.  61-1*9-1.  Those  measurement., 
started  a  long  sorios  of  similar  measuremer. *3  with  many 
different  types  of  forces,  crystal  sizes  ani  orientations, 
reported  at  our  Symposia  after  1961.  However,  no  final 
theoretical  explanation  for  theso  effects  i-  available 
today. 

Measurement  and  Te3t 

Papers  in  the  field  of  measurement  and  test  dealt 
mainly  with  two  topics.  Tho  Cl  -  Meter  and  tho  -  nat- 
work.  To  a  looser  extent,  bridge  circuits  for  measuring 
crystal  parameters  were  discussed,  and  also  methods  for 
testing  leaks  in  crystal  enclosures.  Fig.  57-L63-3  shows 
the  circuit  diagram  of  tho  VHF  crystal  impedance  meter 
ANAiH  -  15,  reported  at  the  1957  Symposium.  Compared 
with  tho  older  TS  -683,  it  provider  a  circuit  such  that 
the  crystal  power  dissipntior  is  relatively  lndcpendanL 
of  crystal  resistance,  important  for  production  testing 
of  crystal  units.  Thi3  was  mado  possible  try  tho  low 
rosistanco  values  usod  in  tho  crvstal  network  and  tho 
addition  of  a  grounded  grid  amplifier,  A  maturing  circuit 
to  measuro  crystal  voltage  was  also  added.  Tho  1M  -  15 
covors  a  frequency  range  from  75  to  200  MKz,  Tho  repeat¬ 
ability  of  frequoncy  measurements,  specifically  in  the 
HF  range,  had  been  a  problem  with  Cl  -  Motors,  specific¬ 
ally  with  tho  TS  -  330  which  covers  tho  range  from  1  to 
15  MHz.  This  problem  was  due  to  crystal  current  changes 
and  was  3olvod  by  tho  use  of  automatic  gain  control. 

This  allowed  control  of  power  lovels  from  ono  to  ten 
microwatts.  It  resulted  in  an  improvement  of  tho  fre¬ 
quency  repeatability  from  10“7  to  10"°.  A3  shown  in 
Fig.  61-98-6  tho  twenty  threo  data  points  have  a  scutter 
that  rarely  excoods  5'10"^, 

A  compilation  of  all  Cl  -  Motors  available  or  under 
development  ir.  1961*  is  shown  in  Fig.  6l*-U*l-l.  Tho 
tablo  is  still  valid  to  ivy  with  tho  exception  that  the 
T3t  -  20  is  replaced  by  tho  TrM  -  305  which  la  comercially 
available.  Fig.  61*-l*l*l-8  shows  the  advantage  gained  by 
an  inductivoly  tuned  Cl  -  Meter.  Wo  havo  a  constant 
stabilization  factor  for  each  frequoncy  ban.,  and  at  tho 
same  time,  greatly  reduced  tho  number  of  necoosary  bands 
to  cover  the  oair.o  overall  frequency  rango.  Tho  problem 
with  the  low  frequency  TJ-710  meter  wa3  tho  uverdrjvt  of 
good,  low  resistance  crystals  aftor  rated  diive  was  set 
as  specified  through  a  relatively  Itigh  real.  tone,,.  Tho 
solution  was  to  improve  the  A3C  and  make  tin  resistors  in 
the  crystal  network  adjustable  for  speuif.ou  frequency 
bands. 

Turning  now  to  tho  If  or  transmission  c.rcu.t  moti.od, 
tho  firm  of  Rohde  and  hchwaiz  prosonUJ  in  .  /5/  tho  first 
commercial  version  of  tho  transmission  ciretit  nethou, 


together  with  synthesizers  to  cover  the  frequency 
range  frees  30  Hz  to  30  MHz.  Fig.  59-351.-2  s.avs  a  side 
and  top  view  of  the  transnis3ion  network.  The  two  resis¬ 
tors  R--_  and  Rtj  forming  the  network  consist  of  four 
deposited  -  caroon  resistors  arranged  in  the  form  cf  a 
star.  Tne  two  resistors  connecting  the  network  with  the 
oscillator  and  the  detector  form  the  inner  conductor  of 
a  coaxial  line.  Due  to  this  construction,  it  can  'oe 
used  up  to  very  high  frequencies.  A  phase  indicator 
connected  to  the  crystal  terminals  facilitates  tuning  of 
the  equipment  to  ths  crystal  resonance  frequency.  The 
phase  detection  technique  is  shown  in  block  diagram  by 
Fig.  68-259-3 .  This  forms  a  phase  locked  oscillator  and 
allows  continuous  resonance  frequency  measurements  for 
manufacture  and  tost.  A  crystal  measurement  system 
shown  in  Fig.  69-93-2  using  an  RF  vector  voltmeter  was 
described  at  the  1969  symposium.  The  vector  voltmeter 
test  sot  is  basically  an  oscillating  loop  containing  an 
amplifier,  a  phaso  shifter  and  the  crystal  in  the  T'  - 
notwork. 

As  in  Fig  68-259-8,  the  phaso  angle  across  tho  crys¬ 
tal  is  sensed  by  tho  vector  voltnotor  and  adjusted  until 
the  frequency  of  oscillation  is  of  tho  proper  value  to 
produco  a  zero  phase  angle  across  tho  crystal.  The 
vector  voltmeter  can  bo  3witchod  to  measure  the  voltage 
to  ground  at  either  probe  A  or  probe  B,  As  shown  in 
Fig.  69-93-5  those  voltages  can  be  used  to  find  tho  crys¬ 
tal  resistance  and  drive  level.  The  voltage  readings 
V,  and  Vjj  determine  the  X  and  Y  coordinate.,  of  a  point 
which  in  turn  determines  a  constant  resistance  line  and 
a  constant  power  curve.  Tho  basic  accuracy  of  this  crys¬ 
tal  tost  set  is  about  3  to  5  parts  in  10°  and  the  „ 
rosotability  error  in  the  order  of  1  to  2  parts  in  10°. 
Crystal  resi3t3nco  and  drive  level  accuracy  is  in  the 
ordor  of  five  percent. 

Two  papers,  presented  in  1969  and  ly70,  compared  tho 
precision  of  the  A' network  with  those  of  bridges.  One 
author,  comparing  an  admittance  bridge  and  tho  GR  bridge 
typo  1609  with  tho  K  network,  found  no  significant  system¬ 
atic  differences.  Tho  frequency  resotability  appeared 
to  bo  +  7*10"°  in  Ihe  worst  case,  provided  that  the  T  - 
network  wa3  designed  car.  iYlly  and  phase  erroro  due  to 
parasitic  Inductances  and  capacitances  were  compensated 
for.  Fig.  69-102-8  shows  how  tho  phase  error  can  be 
hold  small  and  independent  of  tho  calibr.ti.ng  resistance. 
On  tho  other  hand,  according  to  tho  second  paper,  t ridges 
seem  to  bo  bettor  suited  for  tho  measurement  of  tho 
motional  capacitance  abovo  10MHz. 

Attention  to  the  propor  measurement  of  unwanted 
modes  in  crystals  was  drawn  in  a  paper  presented  In  190. 
Tho  hybrid  ..oil  brldgo  method  shown  in  Fig,  63-316-1,2,3 
Is  suitable  for  thi3  purpose  if  propor  precautions  are 
usod.  It  shows  ti»o  schematic  of  tho  tost  circuit  und  the 
equivalent  circuit  of  a  crystal  vibrator.  Wher  tho 
bridge  is  balanced  the  equivalent  test  circuit  can  bo 
represented  by  tho  lowor  figure  and  tho  maximum  in¬ 
sertion  voltage  ratio  calculated. 

Tost  of  tho  seal  and  evaluation  of  the  crystal  unit 
enclosure  is  also  an  important  stop  in  dev eloping  and 
producing  good  crystal  units.  Methods  for  unit  homc- 
ticity  fall  into  two  categories;  those  which  detect  in¬ 
ternal  pressure  rise  and  those  wlilch  Jopend  upon  tho 
uctection  of  a  trace  substance  which  pa,  os  through  an 
actual  leak.  Fig.  69-l.'5-Tab  I  shows  pri  ssure  riso 
detection  methods  toga  thin  with  their  sensitivity.  Tho 
ionlzattoi  current  method  has  been  employed  for  aomo 
time,  but  is  now  being  replaced.  Among  tho  actual  loak 
test,  methods  shown  In  Fig.  65-12S-Tat  II  the  bubble 
tost  is  porliapr.  tho  easiest  and  least  costly.  Its 
sensitivity  nay  be  increased  oy  subjecting  tho  units  to 
be  tostod  to  external  helium  pressure.  Tho  widely  used 
mixed  gas  backfilled  helium  mass  cpectrcnoter  to3t  can 
detect  leaks  of  lQ"*0cc/sec .  1+  is  excelled  by  tho 


radioactive  tracer  technique,  but  tho  latter  i3  economic 
only  for  the  large  volume  production. 

Crystal  Unit  Development.  &  Engineering 

Figure  57-277-2  allows  the  calculated  variation  in 
Q  due  to  the  intrinsic  losses  in  quartz  as  a  function  of 
temperature  and  frequency.  Both  low  and  high  frequency 
crystal  units  were  developed  for  operation  in  the  range 
of  l.°K  to  70°K.  They  had  high  Q  and  very  low  drift  but 
continued  effort  in  this  direction  ceased,  due  to  pract¬ 
ical  difficulties  of  maintaining  accurate  control  at 
those  temperatures,  and  because  more  promising  develop¬ 
ment..  appeared  possible  for  high  frequency  crystal  units 
at  2.5  and  5  KHz  at  rocra  temperaturo.  Reduced  drivo 
levels  and  improved  ascillator  stability  wore  obtained 
by  using  multi-stage  gain  as  shown  in  Fig.  57-277-21. 

Comparison  of  difforont  typos  of  flexure  typo 
crystal  unit  structures  is  shown  in  58-282-2.  Tho  XY1 
flexure  unit,  while  widely  used  in  Europe  for  several 
years,  had  not  received  much  attention  in  this  country 
until  presented  horo.  It  is  shown  that  it  has  a  lowor 
second  ordor  temperature  coefficient  and  increased 
stability  with  time  ovor  the  other  two  designs.  Within 
tho  frequency  and  impedance  limitation.,  it  docs  have 
many  advantages. 

Fig.  59-li?3-l  gives  the  relationship  between 
important  characteristics  of  precision,  modcrato  preci¬ 
sion  and  standard  crystal  unit3  prevailing  at  the  time. 

As  can  bo  seen,  for  100  timos  tho  stability  one  paid 
nearly  100  times  tho  price.  While  the  stability  of  all 
types  has  increased  by  today's  standards  the  price 
differential  has  been  materially  rcducod. 

High  frequency  crystal  units  were  developed  to 
withstand  high  shock  and  vibration  for  use  in  missiles 
and  satellites.  The  performance  of  production  models 
at  5  MHz  over  a  10  hour  aging  period  was  loss  than 
5  x  10"  .  The  dosign  of  a  complete  oscillator  -end  ovon 

to  withstand  high  shock  and  vibration  i3  shown  in  Fig. 
60-200-1.  Tho  variation  in  frequency  duo  to  vibration 
in  the  radial  and  longitudinal  modes  was  less  than  +  1  x 
10 -y.  An  improved  dosign  of  tho  crystal  unit  to  with¬ 
stand  high  acceleration  rates  is  shown  in  Fig.  60-200-9. 
Note  the  biconvex  plate  design.  Tho  support  ribbons  were 
also  preferentially  locatod  with  reference  to  tho  crystal 
axes. 

Tho  noxt  major  step  in  reducing  frequency  drift 
with  tlmo  resulted  fr\m  a  study  of  tho  on-off  character¬ 
istics  of  precision  oscillators.  Fig.  6}-L-2  shows  tho 
results  of  ovon  and  oscillator  ..hut  down  on  tho  2.5  MHz 
oscillator,  Trystal  units  processed  to  reduce  tho  resi¬ 
dual  gases  present  in  the  enclosures  resulted  in  tho 
performance  shown  in  Fig.  6_>-ii~3«  As  can  be  soon  the 
offsets  of  oscillator  ..hut-uou.,  are  essentially  nil  and 
tho  offoct  of  oven  shut-down  . «.i.-  eeun  reduced.  A  strain 
relaxation  of  the  mounting  s;  «  c.  quartz  material  may 
account  for  tho  small  change. 

A  study  °f  many  standard  grr.  Je  frequency  crystal 
units  subjoct.od  to  aging  at  high  temp  ra  .ur  .•  and  at 
various  levels  of  drive  shows  tho  results  gi'  n  in 
Fig.  63-239-3  for  those  units  in  solder  sealed  .v^tal 
holders.  It  seen.,  obvious  that  leaks  had  develcpod  in 
most  units.  Those  unit.,  sealed  in  glass  holders  gave 
results  shown  in  Fig.  6J-289-1.,  Except  for  one  group  of 
catastrophic  failures  the  performance  in  good  even  at 
500!*  drive  lovcls.  The  failure  rate  of  crystal  units 
os  a  Group,  compared  with  othor  electronic  components,  is 
shown  in  Fig.  61i-217-Tab  II  and  is  only  surpassed  to 
any  great  extont  by  mica  capacitors. 

It  ha„  long  bcon  known  ttiat  the  C,  of  low  frequency 
wire  mounted  crystal  units  has  been  limited  by  tho  soloor 


connection.  Fig.  60-302-1  shows  tho  results  o:  repiace- 
nont  of  the  solder  connection  by  a  thermo-conpression 
bond.  Tho  improvement  is  ovidont  in  Q,  particularly  at 
the  higher  temperatures.  It  is  obvious  that  losses  in 
the  mounting  system  even  with  thick  crystal  plates  still 
limit  tho  Q  of  these  units. 

An  additional  improvement  in  performance  of  crystal 
units  came  with  the  introduction  of  cold  weld  enclosures, 
the  basic  design  of  which  is  shown  in  Fig.  66-166-3. 

Fig.  6U-166-2  shows  a  series  of  outlines  including  tho 
frequency  range  covered  using  standard  size  crystal 
resonator  elements.  Similar  cold  wold  enclosures  have 
since  been  applied  to  tho  HC-6,  HC-18,  and  flat-pack 
configurations.  A  sussr.ary  of  the  drift  characteristics 
of  5  MHz  crystal  units  utilizing  progressively  improved 
enclosures  and  processing  techniques  is  shown  in  Fig. 

6!i -166-13 . 

Once  the  holder  problom  had  been  solved  it  wa3 
relatively  easy  to  go  the  rest  of  tho  way  and  apply 
hydrogen  firing  of  the  piece  parts  and  vacuum  baking 
during  low  pressure  cycles  in  an  oil  free  system  to 
reduce  tho  contaminating  atmosphere.  Fig.  66-192-3 
shows  tho  results  of  oven  and  oscillator  shut-down  on 
crystal  units  with  solder  bond  supports  and  thormoccn- 
pression  supports  that  could  be  high  temperature  proces¬ 
sed.  The  indications  are  that  the  change  in  tho  solder 
units  is  duo  to  sorption-desorption  of  residual  gases 
and  that  shown  for  the  high  tomperaturo  bonded  case  is 
thermal  relaxation.  Crystal  unit3  shown  in  Fig.  68-89- 
10  are  in  production.  Typical  shut  down  cliaracteristics 
of  those  units  are  shown  in  Fig.  68-89-21  and  drift 
characteristics  in  Fig.  68-89-20.  Thus,  there  seems 
little  need  for  further  development  of  these  precision 
types  to  reduce  drift  since  ultimate  accuracy  will  be  det¬ 
ermined  by  atomic  or  molecular  standards.  Precision 
oscillators  will  maintain  sufficient  intermediate 
accuracy  and  future  needs  will  require  improvements  in 
spectral  purity.  Improvement  in  tho  drift  rate  of 
general  purpose  typo  crystal  units,  however,  is  required. 

While  the  concept  of  “onorgy  trapping"  is  covorod 
in  the  general  subject  of  "Fundamental  dtudies"  thore 
are  two  interesting  developments  that  have  boon  reported. 
One  is  shown  in  Fig.  66-IO3-I1  in  which  it  is  demonstrated 
that  after  sufficient  electrode  deposit  has  boon  made,  a 
furthor  reduction  In  frequency  nay  bo  obtainod  by  adding 
SiO  to  the  entire  plate  surface  without  changing  the 
conditions  to  trap  additional  nodes.  The  othor  is 
shown  on  Fig.  70-126-13,  whero,  by  ion  etch  techniques, 
a  pattern  the  size  of  the  olcctrode  has  beon  etched  into 
tho  quartz  plate.  Thl3  allows,  in  the  case  of  VMF 
resotva*  •■>,  for  an  odoqunte  thickness  of  metal  to  be 
deposited  for  an  electrode  to  have  low  resistance  boforo 
additional  modes  are  trappod.  Fig.  70-126-Ui  shows 
clearly  the  resonance  spectrum  for  different  oogroos  of 
plate back. 

Throughout  the  Proceedings  a  large  amount  of  dosign 
information  and  procedures  can  be  found.  For  example, 
tho  rosponso  spoctrvn  of  a  5th  overtone  hi  MHz  crystal 
unit  given  in  Fig.  66-67-3  results  if  too  large  or  too 
thick  oloctrode  is  onployed.  Many  of  tho  anhamonic 
nodes  become  trapped.  One  procoduro  outlined  in  Fig. 
o8-67-li  loads  to  the  results  shown  in  Fig.  68-67-15. 

With  the  mathematical  theory  of  vibrating  plates 
well  established,  together  with  the  trappod  energy  con¬ 
cept  woll  understood,  most  of  the  conventional  crystal 
unit  designs  may  bo  obtainod  diroctly  from  tho  computer. 
As  bettor  design  and  mart*  accurate  constants  become 
known  tho  programs  nay  be  improved  or  altered  to  give 
dsaign  information  to  moot  more  sophisticated  require¬ 
ments. 


Temperature  Control  and  Compensation 

A  number  of  papers  were  presented  on  tho  development 
of  ovens  and  over,  control,  particularly  on  proportional 
control.  Also  a  great  deal  of  work  was  carried  out  on 
change -of-state  ovens  during  the  period  whor.  low  temper¬ 
ature  operation  wa3  being  considered.  Tho  fact  that  they 
were  useful  only  at  fixed  temperatures  and  a  high  state 
of  solution  purity  was  necessary,  led  to  abaniiormont  of 
this  approach.  Since  the  temporaturo-componsation  tech¬ 
nique  has  received  tho  most  attention  in  the  proceedings, 
most  of  this  section  will  be  devotod  to  it. 

L.  F.  Koornor  reported  as  early  as  1955  on  tempera¬ 
ture  compensation  by  thermistor  shunted  capacitors  to 
reduce  the  frequency  change  of  crystal  units  duo  to  temp¬ 
erature.  This  method  introduced  additional  loss  to  the 
crystal  unit  and  was  considered  undesirable  at  the  time. 
With  tho  increased  availability  of  stable  thermistors 
and  variable  capacitance  diodes,  tho  former  method  has 
received  littlo  attention.  Most  of  tho  work  in  this  area 
has  since  beon  concentrated  on  the  non-dissipativo  ther¬ 
mistor-varactor  approach. 

An  oscillator  circuit  employing  tnis  principle  is 
shown  in  Fig.  61i-);87-l.  A  reverse  biased  diode  C<j  is  in 
series  with  tho  crystal  unit.  A  chango  in  bias  will  vary 
the  effective  capacitance  of  tho  diode  with  a  resultant 
change  in  frequency  of  the  oscillator,  it  therefore,  is 
necessary  to  develop  a  voltage  V  as  a  function  of  temp¬ 
erature  to  Just  compensate  for  the  normal  frequency-temp¬ 
erature  characteristic  of  the  crystal  unit.  This  gives 
rise  to  tho  term  "Temperature  Compensated  Crystal  Oscil¬ 
lator"  or  TXCO  for  short-  The  circuit  3hown  in  Fig.  oh- 
li87-2  employing  resistors  and  thermistors  will  provide 
most  of  tho  voltage -temperature  characteristic  required 
for  AT  type  crystal  units.  A  single  thermistor  .'n  the 
shunt  arm  nay  be  used  if  only  a  linear  negative  coef¬ 
ficient  is  to  b-  compensated.  Tho  principal  problem  is 
then,  to  determine  the  values  of  applied  voltage,  resis¬ 
tors  and  thomistors  m  the  compensation  network  needed 
to  reduce  tho  deviation  in  frequency  of  tho  oscillator 
to  the  required  level.  Many  factors  must  bo  considered. 
Fig.  6)i-!ili7-10  lists  those  elements  that  must  bo  con¬ 
sidered  in  the  four  categories:  Crystal  unit  parameters, 
variable  capacitance  diodos,  compensation  network  and 
oscillator  circuitry.  With  a  greater  number  of  elements 
in  tho  compensation  network  the  frequency  chango  with 
temperature  may  be  reciucod  materially.  Such  a  network 
is  shown  in  Fig.  65-017-2.  By  employing  computer  tech¬ 
niques,  since  curve  fitting  i3  a  prinary  problem  lure,  a 
suitable  dosign  may  bo  developed  quickly.  Fig.  65-f 17-lb 
shows  the  rosults  of  successive  runs  to  achieve  reasonably 
good  compensation,  in  any  case,  as  the  temporals)  <  r<nge 
and  frequency  requirements  are  increadod,  frt quoncy  com¬ 
pensation  becomes  more  oxnensive.  It  has  been  suggested 
that  for  wide  temperature  requirements,  an  can  to  limit 
the  lower  temperature  to  0°C,  for  example,  might  result 
in  a  more  economical  solution.  Also  a  proportional 
control  oven  to  meet  severe  frequoncy  requirement  s  slioulr 
be  considorod. 

Fig.  69-lir-pg  l'/6  shows  the  detailed  procedure  for 
estimating  tho  voltage  required  for  compensation.  By 
comparison  of  tho  inverse  frcqvui  oy-temporature  charac¬ 
teristic  of  tho  crysh.1  unit,  too  computed  shift  in  fre¬ 
quency  with  aeries  capacitance  and  the  varactor  charac¬ 
teristics  it  is  possible  to  dotei mine  the  required  volt- 
ago  that  must  be  developed  for  compensation.  This  ligu.v 
also  shows  tho  uso  of  a  d.c.  amplifier  to  pormit.  lot; 
voltages  to  be  used,  an  offset  voltage  to  take  care  of 
initial  calibration  as  well  as  aging,  and  Inductance 
associated  with  'ho  varactor  to  ounce  it  more  linear.  An 
example  of  compensation  for  Cl  type  crystal  resonators 
in  the  frequency  range  of  8iX»  to  1500  kHz  is  showi  in 
Fig.  n</-ly?-pg  197.  Also  shown  is  the  change  to  be 
expected  from  a  ♦_  2c  p.p.rn.  adjustment  of  tne  frequeiuy. 


Nearly  one  order  of  improvement  in  frequency  tolerence 
is  shown. 

As  early  as  1961  compensation  to  two  orders  of  mag¬ 
nitude  have  been  possible  if  sufficient  complexity  i3 
allowed  for  the  network  and  computer  method  used,  fig, 
61-297-10  shows  the  results  of  development  for  the 
AN/URC-32  Tranceivor.  Nearly  as  good  results  wore 
achieved  over  an  even  greater  temperature  range  for  the 
SO-179A  Reference  Frequency  Standard  as  shewn  in  Fig, 
61-297-11.  The  long  term  drift  of  these  types  is  shown 
in  61-297-12  and  is  consistent  with  their  temperature 
stability.  Using  presently  available  components,  the 
drift  characteristic  would  be  substantially  reduced. 

Several  developments  within  tho  last  two  year3  have 
shown  continued  improvement.  3y  using  a  six  point  net¬ 
work  and  successive  computer  calculations  it  is  shown 
that  for  tho  AN/PKC-70  tactical  tranceivor  the  stability 
shown  in  Fig.  70-191-3  may  be  achieved.  For  temperature 
range 3  restricted  to  20°  centigrade  a  stability  of  one 
part  in  10®  is  possible. 

There  have  boon  many  papers  on  oven  development 
including  the  uso  of  Dewar  flasks  to  reduce  tho  power 
required  to  maintain  control.  One  in  particular  i3  of 
interest  in  that  it  employs  an  idoa  proposed  many  years 
ago.  Heat  is  supplied  directly  to  the  quartz  plate  by 
depositing  a  carbon  film  on  the  periphery  including  tho 
sensor  control.  Fig.  70-157-7  shows  characteristics 
obtained  with  this  approach.  On  tho  average  about  .6  of 
a  watt  is  required  at  ambients  as  low  a3  -iiO°C.  This  is 
about  one-tenth  that  roquirod  for  tho  very  efficient 
Eewar  method.  Care  must  be  oxerclsod  to  design  against 
tomporaturc  transients  since  gradients  within  the  quartz 
plate  can  produce  substantial  frequency  changes. 

Crystal  Filters 

Tho  first  symposium  paper  on  crystal  filters  appeared 
in  1956.  It  served  to  show  tho  characteristics  that 
could  be  obtained  from  conventional  half-lattice  designs 
using  cry3t.1l  units  tlion  available.  Fig.  56-339-6  shows 
the  attenuation  obtained  using  8  and  !i  polo  half-lattice 
designs. 

Wido  bands  with  low  distortion  over  the  band  can  bo 
produced  using  inductanco  to  incroaso  the  separation  of 
the  poles  and  zoros.  Also  lotting  some  of  the  critical 
frequencies  fall  outside  the  pass  region  improves  tho 
in-band  resistance  in  accordance  with  imago -parameter 
theory.  Fig.  53-500-5  shows  the  attenuation  of  a  five 
crystal  lattice  section  shunted  by  inductance  to  widen 
tho  pass  band  to  150  kHz  at  a  contor  frequency  of  20  MHz. 
The  unwanted  responses  show  up  above  the  band  because  all 
crystal  units  woro  in  a  single  lattice  structure. 

In  tho  next,  few  years,  a  number  of  papers  woro 
presented  on  crystal  filters  Including  ladder  typos  using 
oqual  inductance  crystal  units  and  types  with  doubly 
resonant  high  frequency  crystal  units  where  tho  rosonanno 
separation  was  controlled  by  tho  plate  dimensions. 

It  wasn't  until  several  years  later.  In  1966,  that  the 
real  broak-through  came  in  crystal  filter  techniques. 

’searchers  at  the  University  of  Tokyo,  Tho  Fell  Labor- 
ato  '"•>  and  tho  General  Slue  trie  Co.  each  independently 
present,  sapors  at  tho  20th  Symposium  on  monolithic 
crystal  filters.  Tho  Japanese  approach  is  shewn  in 
Fig,  66-266-2,  It  shows  a  pair  of  trappoo  energy  reson¬ 
ators  with  a  finite  separation  together  with  an  equiva¬ 
lent  lattice  structure  for  design  purpo3os.  Meanurod 
transmission  characteristics  of  3lnglo  and  tandem  pairs 
are  shown  in  Fig.  66-266-6.  Tho  Bell  approach  is  shown 
in  Fig,  66-288-10  where  multiple  trapped  energy  resona¬ 
tors  are  coupled  on  o  single  quartz  plate.  Both  the 
lattice  .and  ladder  equivalents  are  shown  for  dosign 


purposes,  A  summary  of  measured  characteristics  normal¬ 
ized  to  a  single  chart  are  shown  in  Fig.  66-288-12,  The 
attenuation  peaks  shown  for  tho  dual  resonator  ca3o  are 
formed  by  capacitive  coupling  from  input  to  output  term¬ 
inals.  Tho  loss  characteristics  for  the  three  and  six 
resonator  cases  are  aonotcmic  as  shown  by  the  dashed  and 
dotted  linos.  The  General  Electric  approach  is  shown  in 
Fig.  66-309-6  where  a  pair  of  trapped  energy  resonators 
is  shown  with  an  equivalent  circuit  indicating  coupling 
between  the  resonant  circuits  in  general  torms.  Tho 
transmission  characteristics  of  several  filters  of  the 
dual  resonator  typo  for  different  electrode  separation 
and  hence  band-width  are  shown  in  66-309-10.  Tho  intro¬ 
duction  of  capacity  from  input  to  output  terminals  to 
provide  attenuation  peaks  was  also  demonstrated. 

Tho  final  link  on  tho  monolithic  filter  to  modern 
network  synthesis  was  achievod  as  a  result  of  investigations 
to  determine  a  practical  equivalent  circuit  by  W.  P.  Mason 
and  W.  L.  3sith,  With  this  approach  it  is  possible  to 
obtain  any  of  the  Tschoby3choff,  Buttorworth  etc.  re3pon- 
so3.  Tho  dosign  of  an  n-pole  monolithic  filter  could 
thon  bo  obtained  from  tho  published  tables  of  Dishall, 
Weinberg,  Zverev  and  othors. 

Tho  transmission  loss  characteristic  of  a  six-polo 
filter  is  3hown  in  Fig.  67-179-12  for  both  measured  and 
calculated  points.  Note  tho  elo30  correlation  for  lossos 
up  to  tho  60  db  level.  Above  this  level  tho  moasured 
loos  drops  off  duo  to  scatter  propagation.  An  X-ray 
topograph  of  a  six  pole  filter  is  shown  in  Fig.  67-179-8 
showing  tho  zoros  or  critical  input  frequencies  for  a 
shorted  output.  These  may  bo  lookod  upon  as  tho  funda¬ 
mental  and  antiarmonic  overtones  of  tho  entire  electrode 
array.  It  is  easy  to  distinguish  the  first,  second,  etc. 
to  the  3ixth  nodos. 

An  alternative  approach  is  to  uso  capacltively 
coupled  dual  resonators.  Tho  response  of  a  four  section 
(8-polo)  and  5  section  (10  pole)  filter  is  shown  in  Fig. 
68-188-9.  This  method  takes  advantage  of  tho  cascading 
principle  and  eliminates  tho  problem  of  scattor  propaga¬ 
tion  and  also  unwanted  modes. 

Fig.  69-79-9  3hows  the  computod  effect  of  rosonator 
Q  on  tho  in-band  characteristics  of  an  oight  resonator 
monolithic  filtor.  This  is  for  a  10.7  MHz  filter  with 
a  band-width  of  3  kHz,  Reasonably  good  re3ponso  shown 
by  tho  third  curvo  from  tho  bottom  requires  a  Q  of 
200,000. 

Eight  polo  monolithic  filters,  under  production 
conditions  for  broadband  multiplex  show  tho  characteris¬ 
tics  given  in  Fig.  70-8lj-10.  Tho  linos  with  dots  give 
the  average  and  standard  deviation  for  26  filters  plottod 
against  tho  ccmputod  I033  curve.  Tho  results  for  tho 
in-band  loss  aro  shown  in  Fig.  70-86-11.  This  matches 
very  closely  the  results  indicatsd  in  a  figure  shown  just 
previously  by  an  ontlroly  different  group  of  authors. 

Three  othor  applications  of  coupled  rosonat.'rs  havo 
boon  prosentod.  Fig.  68-206-6  shows  threo  resonators 
adjusted  to  different  frequencies  and  connected  to  a 
diodo  notwork  to  perform  tho  function  of  a  discriminator. 
This  eliminates  tho  necessity  for  an  additional  modulator 
to  low  frequencies  to  obtain  a  stable  discriminator. 
Impedance  transformation  may  be  obtained  a3  3hown  in 
Fig.  68-206-9  by  tho  introduction  of  a  capacitor  with 
tho  associated  rotuning  of  tho  end  resonator.  Finally  a 
stable  low  frequency  source  may  bo  dorived  from  a  threo 
rosonator  array  as  shown  in  Fig.  68-206-10.  The  differ¬ 
ence  frequency  of  the  two  end  rosonator  controlled  oscil¬ 
lators  is  dotoctod  by  tie  diodo  connected  to  tho  middle 
rosonator.  Since  all  resonators  aro  on  tho  sano  quartz 
plate,  temperature  tracking  should  bo  much  bottor  than 
preselection  of  indlvidial  crystal  units. 
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Future  Developments 

Nov  lot  us  take  a  look  at  the  future  and  see  vhat 
we  nay  anticipate.  First,  the  business  picture  because 
this  is  easily  disposed  of.  Wo  asked  a  few  of  our 
friends  what  they  thought  about  it  and  to  one,  wo  asked 
"What  is  your  five  year  plan?"  Ho  replied  that  since  it 
had  boon  rocently  scrapped  and  substituted  by  a  survival 
plan  he  wa3  in  no  position  to  talk.  Based  on  what  has 
transpired  businesswise  over  the  past  25  years,  tho 
quality  will  go  up,  the  accuracy  will  go  up  and  the  price 
will  go  dovn.  And  to  aumarizo  this  picture,  the  price 
and  delivery  war  will  be  fought  on  the  local  battleground 
with  conventional  weapons.  It  appears  thore  will  be 
little  change  in  basic  techniques;  names,  languages 
and  acronyms  will  be  different  but  fundamental  concepts 
will  remain  the  same. 

Now,  lot  us  look  at  tho  technical  possibilities. 

What  are  tho  trends?  In  communications  systems,  wo  have 
analog  and  digital  systems,  both  of  which  aro  dependent 
upon  an  accurate  frcquoncy  source.  In  tho  digital  case 
we  need  a  clock  which  in  many  cases  must  be  regenerated 
and/or  phasod  locked  with  the  transmitting  or  a  central 
clock.  In  analog  3ystom3,  in  addition  to  tho  frequency 
generator  or  clock,  we  neod  a  procise  filter  to  select 
one  channel  from  another.  With  the  prosent  progress  in 
integrated  circuitry,  frequencies  can  bo  generated  very 
simply  and  synthesized  to  place  them  anywhore  in  tho 
frequency  spectrum  that  is  neoded.  All  that  is  required 
is  one  precise  generator.  Very  probably  thore  ‘./ill  bo 
fewer  crystal  units  produced  for  th030  3y3toma  but  they 
will  havo  higher  accuracy. 

For  the  higher  frequencies  there  should  bo  a 
material  size  reduction.  Prosent  10  KH2  crystal  units 
can  bo  produced  with  crystal  platos  7.5  m  m  in  diameter 
or  les3.  At  30  KHz,  they 'should  bo  2.5  m  m  or  loss. 

It  is  Inconceivable  that  any  of  these  platos  would  bo 
put  in  present  holders.  They  probably  will  be  in  the 
form  of  thin  enclosures  not  over  30-50  mils  thick  and 
will  have  beam  lcad3.  It  is  believed  that  if  we  take  a 
look  at  the  progress  that  lias  been  nado  in  Integrated 
circuit  technology  and  apply  some  of  those  techniques  to 
the  present  crystal  dosign  and  developments,  we  would  bo 
far  ahoad.  For  example,  with  smuller  size  platos,  batch 
processing  boconos  feasible  and  except  for  final  adjust¬ 
ment,  10O  vibrators  can  bo  processed  fron  a  1  inch  square 
plato.  There  should  he  some  standardization  of  generator 
frequencies  and  of  crystal  filters  in  order  to  rake  them 
off-the-shelf  Homs  for  applications  to  digital  and 
analoguo,  wire  and  radio  transmission  systems.  In  tho 
futuro,  there  is  going  to  bo  more  and  moro  use  of  mobile 
and  marine  radio  equipment. 

With  developments  in  active  solid  state  devicos 
moving  in  the  direction  of  performing  functions,  it  is 
inconceivable  that  dements  for  frequoncy  control  and 
selection  would  not  follow  this  sane  trend.  Some  of 
this  has  already  started  but  prouontly  available  VXCO's 
and  filters  resemble  little  tho  advancements  in  integrated 
circuitry.  What  is  envisioned  in  a  completely  integrated 
series  of  functions  such  as:  Frequency  generators, 
synthesizers,  translators  and  modulators;  narrow  hand 
amplifiers  for  SSB,  AM  and  HI  3> stems,  as  well  as  dis¬ 
criminators  for  Hi  systems.  Those  functional  devices 
should  be  of  the  size  and  performance  to  bo  compatible 
with  other  functions  to  fora  a  basic  equipment  used  in  a 
system.  So  far  as  the  other  now  concopts  are  concerned, 
some  of  then  nay  still  bo  buriod  in  tho  symposia  proceed¬ 
ings  in  a  mannor  similar  to  that  of  Hortloy's  article 
disclosing  ths  trappod  onorgy  concept  published  in  Wlro- 
ioss  World  in  1951.  The  apple  Just  didn't  happen  to  drop 
on  tho  right  ho  >d  at  that  time.  Tho  monolithic  filter 
as  wo  know  it  today  could  havo  boon  available  more  than 
20  years  ago.  Either  we  wore  not  ready  for  tho  concept 
or  simply  did  not  recognize  it  at  t.ho  time.  So  far  as 
othor  items  in  tho  future  aro  concerned,  we  loavo  tho3e 
to  your  imagination. 


What  wa  have  just  said,  of  course,  13  only  an  opinion 
and  if  wa  were  to  tall  you  what  really  would  happen  in 
the  next  25  years,  you  wouldn't  believe  itj 
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Fig.  I  -  Number  of  papers  given  in  fields  of 
synthesis,  fundametnal  studies  of 
srystals  and  atomic  &  modular  frequency 
control. 
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REVIEWED 

SYNTHESIS  AND  MATERIALS 

8 

FUNDAMENTAL  STUDIES 

22 

MEASUREMENT  AND  TEST 
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CRYSTAL  UNIT  DEVELOPMENT 
AND  ENGINEERING 

26 

TEMPERATURE  CONTROL 

AND  COMPENSATION 

8 

CRYSTAL  FILTERS 

1  5 

Fig.  2  -  Number  of  papers  in  various  categories 
selected  for  review. 
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Fig.  3  -  Growth  rate  of  synthetic 
wuartz. 


QUARTZ  CRYSTAL  BAR  AS  CULTURED  FOR  AT  CUTS 


h  atVATlON  VCW 


MaB- 

c  ENO  Vtw 

*  ;  d.  CROSS  SECTION 

1 

• 

1  ' 

.  t.  CROSS  SECTION  AT  TER 

!  *uuo  witani* 

1 

1 

1 

4  -  Synthetic  quartz- 

bar  growth. 

H*.  5  -  Irradlat+d  sections  of  synthetic  quarts. 


MATERIALS 
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F-fg.  6  PIEZOELECTRIC  MATERIALS  UNDER  STUDY 
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Fig,  7  -  Loss  peaks  in  natural  and  synthetic 
quartz. 


TEMPERATURE  IN  DEGRCLS  KELVIN 
Fig.  8  -  Loss  peaks  in  irradiated  quartz. 
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Fig.  9  -  Acoustic  absorption  at  5  MHz  between 
-60°  and  100°C  in  some  representa¬ 
tive  samples  of  synthetic  and  natural 
quartz. 


Fig.  11  -  Computed  and  measured 
resonances  for  rectangular 
AT-cut  quartz  plates,  length 
c/thickness  b=20. 
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Fig.  14  -  Mechanical  Q  as  a  function  of  dis¬ 
tance  to  diamond  ground  edge  of 
wafer. 
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Fig.  15  -  Resonator  response  with  rectangular 
electrode  in  X  direction,  electrode 
length  =  100b. 
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Fig.  20  -  Locus  of  turn-over  temperature  for  AT-cuts. 


Fig.  21  -  Relative  frequency  change  per  unit  of 

applied  radial  force  for  AT-cut  resonators 


adjusted  for  wax  «mo 


Fig.  22  -  Simplified  circuit  of  AN/TSM-15 
Test  set. 
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Fig.  23  -  Typical  accuracy  curve,  12  MHz  3rd 
overtone  crystal  unit. 
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f P.EOUEKCt  COVERAGE  Of 
PRESEHILY -used  OUARU  crystal 
TEST  SETS 
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Fig.  24  -  CI  mecars  available  or  under  develop 
ment  in  1964. 
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Fig.  25  -  Stabilization  factor  vs.  frequency. 
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VIBRATOR 


VARIABLE 

FREQUENCY 

OSCILLATOR 


CRYSTAL  TEST  CIRCUIT 
(TRANSMISSION  NETWORK) 


ru.  26  •  CrylUl  unit  tr.nnla.lon  t..t  tvttwork. 


Fig.  27  -  Block  diagram  cf  self  tuned  phase 
detection  measuring  system. 
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Fig.  28  -  Block  diagram  of  measuring 

system  using  vector  voltmeter. 
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PHASE  ERRORS. 


Fig.  30  -  Influence  of  design  of Tf networks 
in  phase  errors-. 
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EQUIVALENT  CIRCUIT  OF  CRYSTAL  VIBRATOR 
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EQUIVALENT  CIRCUIT  OF  TEST  CIRCUIT 
(C5C.  iT,  I0EAL) 

Fig.  31  -  Test  circuit  for  measure¬ 
ment  of  unwanted  modes. 
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Fig.  32  -  Pressure  Rise 

Detection  Methods 

Test  Method 

Type  Unit 

Sensitivity 

Frequency  4  ER 

All 

Dependent  upon  resonator  cut 

Tesla  Coil 

Olass 

5  x  10"2  to  5  Torr 

Hot  Wire  Pi rani 

All 

">  10' 2  Torr 

•  i. 

Bead  Thermistor 

All 

3  x  10  to  10  Torr 

Ionization  Current 

Metal 

3  x  10'1  to  10  Torr 

Fig.  33  -  Actual  Leak  Test  Methods 

Test  Method 

Trace 

Substance 

Min.  Detectable  Leak 

Bubble  Test 

Air 

ID'5  atd  cc/sec 

Bubble  Test 

Helium 

10  ®  std  cc/sec 

Pressurized  Die 
and  Vacuum 

Die 

Penetrant 

See  Note  1 

Mixed  gas  back¬ 
filled 
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Fig.  34  -  Variation  in  Q  with  temperature  and 
frequency  due  to  intrinsic  loss  in 
quartz. 
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Fig.  35  -  Multi-stage  oscillator. 


A.  ELECTR00E  CONNECTIONS  COMPARED 
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Fig.  36  -  Flexure  mode  crystal  unit 
designs. 
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Fig.  37  - 
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units. 


Fig.  42  -  Aging  of  metal  enclosed  crystal  units. 


Fig  .  43  -  Aging  of  glass  enclosed  crystal  units. 


Fig,  44 

COMPARATIVE  FAILURE  RATES#QF  REPRESENTATIVE 
ELECTRONIC  COMPONENTS 
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Fig.  45  -  Resistance  change  in  solder 
and  thermocompression  bonded 
crystal  units. 
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COLD  WELDED  QUARTZ  CRYSTAL  ENCLOSURE 
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QUARTZ  CRYSTAL  ENCLOSURE 
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Fig.  47  -  Crystal  unit  standard  enclosures. 


Fig.  48  -  Aging  of  metal  and  glass  enclosed  5  MHz 
crystal  units. 
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FREQUENCY  STABILIZATION  OF  BLILEY  B66IAH-5S 
5MHi  UNIT  AFTER  POWER  INTERRUPTION 


TIME  IN  DAYS 

Fig,  51  -  Effects  of  oven  and  osc.  shutdown. 
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Fig.  52  -  Aging  characteristic  of  precision  5  MHz 
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60  MHz  Resonator  Spectra  Using  Energy  Trapping 

rig.  58  -  60  HJli  rc*pon*e  spectra  ualng  design  to  ollalnato 
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TCXO  SCHEMATIC 

Fig.  59  -  Compensated  oscillator. 
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Pig.  60  -  Compensation  network. 


Fig.  61  CRITICAL  ARIAS  0T  TCXO  DISICM 

1.  Cryetal  Parameters 

A.  Cq/C^  ratio 

B.  tl/f  between  LTP  and  UTP 

C.  Turning  point  temperatures 

D.  Traquancy  tolerance  at  specified  load  capacitanca 
L.  Aging  characteristics 

2.  Varicap 

A.  Tolaranca  of  Cx  at  4  V 

B.  Leakage  current 

3.  Compensation  Network 

A.  Thamiator  R0  and  t  tolarancaa 

B.  Raalator  tolaranca  and  T.  C. 

C.  Error  of  calculated  9  to  required  9 

D.  Aging  of  tharnlators  and  realators 
M.  Oscillator  circuitry 

A.  Cain  stability  with  temperature  and  time 

B.  Temperature  coefficient  of  components 

C.  Overall  0  of  circuit 
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TCMPCftATUftl  IN  *C 


Fig.  66  -  Frequency-temperature  charac¬ 
teristics  of  the  reference 
signal  generator  for  AN/URC-32 
transceiver . 


Fig,  67  -  Frequency-temperature  charac¬ 
teristics  for  SG-179(XA-3)  refer¬ 
ence  frequency  standard. 
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Fig.  69  -  Frequency- tempera  Cure  characteristic 
(computed)  for  a  6 -point  network. 
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Fig.  70  -  Power  and  transient  charac¬ 
teristics  of  directly  heated 
crystal  plates. 
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Fig.  71  -  13  MHz  crystal  filter  characteristics. 
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Fig.  72  -  Side  band  crystal  filter. 


ri'i 


-  Dual  resonant  crystal  and 
equivalent  circuits. 
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Fig.  74  -  Filter  characteristics  of  single  and 
tandem  dual  filters. 
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FREQUENCY  FROM  MIDBAND  (KHi), SCALE  B 


Fig.  79  -  6-resonator  monolithic  crystal  filter. 


Fig.  80  -  X-ray  topograph*  of  critical  fr«*uencU»  of  a  6-raaonator  flltar. 
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MAXIMUM  DARKENING  IN  THE  TOPOGRAPHS  CORRESPONDS  TO  THE 
MAXIMUM  AMPLITUDE  OF  THE  ACOUSTICAL  DISPLACEMENT  THE 
LIGHT  AREAS  ARE  QUIESCENT  or  nodal  REGIONS  the  DARK 
L'NES  IN  these  light  REGIONS  ARE  OEFECTS  in  the  QUARTZ 
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INSERTION  LOSS  (db), SCALE  B 


SSB  narrow  band  HCM  filter 


-  Computed  inband  loss  of  mono 
lithic  filter. 
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Fig.  86  -  Impedance  transformation  of  dual 
resonators. 


Fig.  87  -  Low  frequency  generator  using  3  resonator 
array. 
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HISTORY  OF  ATOMIC  AND  MOLECULAR  CONTROL  OF  FREQUENCY  AND  TIME 


Norman  F.  Ramsey 
Harvard  Univfrsity 
Cambridge,  Massachusetts 


Summary 

The  history  of  atonic  and  molecular  frequency  con¬ 
trol  will  be  traced  from  the  earliest  molecular  beam 
magnetic  resonance  experiments  in  1938  through  the 
present . 

Introduction 

In  discussing  the  history  of  atonic  and  molecular 
frequency  control  two  alternative  approaches  are 
available.  )ne  Is  to  treat  all  devices  In  parallel 
or.  a  year-by-year  basis.  The  other  is  to  discuss  each 
alternative  device  In  succession.  It  seems  clear  that 
the  latter  approach  is  the  best  in  the  present  case  so 
I  shall  adopt  It  but  I  shall  rake  frequent  cross  refcr- 
or-es  to  other  devices.  In  following  this  procedure, 

Is  clear  that  the  first  method  discussed  should  be 
the  molecular  and  atomic  beam  magnetic  resonance 
method,  not  only  because  historically  It  was  the  first 
important  method  but  also  because  it  stimulated  the 
invention  of  the  other  methods  and  still  remains  one  of 
the  most  effective  techniques  of  frequency  control. 

Since  the  atomic  beam  devices  and  the  hydrogen  masers 
at  present  provide  trie  most  precise  frequency  and  time 
standards,  the  greatest  attention  will  be  paid  to  them, 
but  the  history  of  the  other  atomic  and  molecular  fre¬ 
quency  control  devices  wi  1  be  given  as  well. 

Early  History  of  the  volecular  hoam  Resonance  Method 

The  raolee  liar  beam  magnetic  resonance  method  arose 
from  a  success 'on  of  ideas  of  which  the  earliest  can  be 
trace!  hack  to  19?7,  although  it  was  rather  remote  from 
the  idea  of  resonance.  In  1927  the  physicist,  Sir 
Charles  Darwin^  —  the  grandson  of  the  great  evolution¬ 
ist  —  discussed  the jretlcally  the  non-ndiabatlc  transi¬ 
tions  which  make  it  possible  for  an  atom's  angular 
momentum  components  along  the  direction  of  a  magnetic 
field  to  be  Integral  multiples  of-h  both  before  and 
after  the  direction  of  the  field  Is  changed  an  arbitrary 
amount.  Inspired  by  Darwin's  theoretical  discussion, 
Phipps  and  Stern2  in  1931  performed  the  first  experi¬ 
ments  os.  paramagnetic  atoms  passing  through  weak  mag¬ 
netic  fields  whose  directions  varied  rapidly  In  space. 
Guttinger®  and  Majorana1*  developed  further  the  theory 
of  such  experiments.  Frisch  and  Segre*’  continued 
atomic  beam  experiments  with  adiabatic  and  r.on-adlabatic 
transitions  of  paramagnetic  atoms  and  found,  in  agree¬ 
ment  with  luttlnger's  and  Majorana' s  theories,  that 
transitions  took  place  when  the  rate  of  change  of  the 
direction  of  the  field  was  large  or  comparable  to  the 
I/irmor  frequency, 

%  '  yl  Ho  ’  (1) 

which  is  the  classical  frequency  of  precession  of  a 
classical  magnetized  top  with  the  same  ratio  ?  of 
magnetic  moment  to  angular  momentum.  Transitions  did 
not  take  place  when  the  rate  of  change  of  the  direction 


of  H  was  small  compared  to  the  Lormor  frequency.  How¬ 
ever,  some  of  the  results  of  Frisch  and  Segr^  were  not 
consistent  with  theoretical  expectations.  Rabi° 
pointed  out  that  this  discrepancy  arose  from  the  ef¬ 
fects  ->r  w.e  nuclear  magnetic  moments  since  some  of  the 
transitions  were  perforra*d  in  such  weak  fields  that 
strong  or  Intermediate  coupling  between  the  nuclei  and 
the  electrons  prevailed.  The  transitions  in  such  cir¬ 
cumstances  were  quite  different  from  those  for  which 
the  effects  of  the  nuclear  spins  could  be  neglected. 

Rabl  showed  that  the  results  of  Frisco  and  Sogre  were 
consistent  with  expectations  if  the  effects  of  the 
nuclei  were  included.  Rtbi  also  pointed  out  that  such 
non-adiabatic  transitions  could  be  used  to  Identify 
tnc  states  and  hence  to  determine  the  signs  of  the 
nuclear  magnetic  moments.  Motz  and  Rose, y  Rabl°  and 
3 -hwinger?  in  1937  cal.ulatcd  the  transition  probabil¬ 
ity  for  molecules  which  passed  through  a  region  in 
which  the  direction  of  the  field  varied  rapidly. 

In  all  of  the  above  experiments,  however,  the 
direction  of  the  field  varied  in  space  and  the  only 
time  variation  nrose  as  the  atoms  in  the  atomic  beam 
passed  through  the  rcglor.  Since  the  ntons  possessed  a 
Maxwellian  velocity  distribution,  the  atomic  velocities 
varied  and  the  apparent  frequencies  of  the  changing 
field  were  different  for  different  velocities.  Fur¬ 
thermore,  the  change  in  field  direction  ordinarily  went 
through  only  a  portion  of  a  full  cycle.  For  both  of 
these  reasons  nc  sharp  resonance  effects  could  be  ex¬ 
pected.  No  suggestion  was  male  to  use  an  oscillatory 
magnetic  field,  i.e.,  a  field  that  varied  In  time  in¬ 
stead  of  space  so  the  apparent  frequency  would  be  the 
same  to  all  the  atoms,  independent  of  their  velocities. 

It  is  surprising  that  this  possibility  was  not  immedi¬ 
ately  recognized  after  Rabi's  brilliant  theoretics, 
paper®  to  1937-  To  simplify  the  theoretical,  analysis 
Rabl  assumed  in  1937  that  the  field  was  actually  oscil¬ 
latory  in  time.  As  a  consequence  the  results  are  all 
applicable  to  the  resonance  case  with  oscillatory 
magnetic  fields  even  though  the  possibility  of 
actually  using  fields  oscillatory  In  time  was  not  then 
recognized.  Consequently  this  paper  without  alteration 
still  provides  the  fundamental  theory  for  molecular 
beam  magnetic  resonance  experiments  with  oscillatory 
fields,  even  though  the  oscillatory  field  method  was 
Invented  by  Rabl1*,!!  only  a  year  or  so  after  the 
fundamental  theoretical  paper  was  written.  Additional 
amusing  characteristics  of  this  brilliant  theoretical 
paper  by  Rabl®  are  the  absence  ol  a  verb  In  the„opcning 
sentence  and  the  repeated  appearance  of  (v2  +  vt)  in 
the  equations  when  the  irtended  expression  was 

(VS  +  ^). 

Gorter12  in  1936  had  suggested  that  nuclear  transi¬ 
tions  in  solids  be  induced  by  an  oscillatory  field  from 
a  radiofrequenev  oscillator.  He  proposed  to  detect  the 
transitions  by  the  absorption  of  the  raJiofrequency  radi¬ 
ation  and  by  the  rise  Sr.  temperature  of  solids  subject 
to  such  oscillatory  fields.  Although  Purcell,  T >rrey 
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and  Pound ana  Bloch ,  Hansen  and  PacKard  1  In  iy*>6 
successfully  detected  the  absorption  of  such  transi¬ 
tions  by  the  reaction  of  the  radiation  on  the  raulofre- 
quency  circuits,  Oorter's  experiments1^  were  unsuccess¬ 
ful  in  1936. 

Following  a  visit  by  Gorter  to  Columbia  University 
in  September  1937  in  which  he  described  his  unsuccess¬ 
ful  experiments,  Rabi10!11  proposed  the  use  of  an 
oscillator  driven  magnetic  field  as  the  transition 
inducing  field  in  a  molecular  beam  resonance  experi¬ 
ment.  Two  succcssfu.  molecular  beam  devices  using  this 
method,gere  soon, constructed  by  Rabi,10!11  Zacharlas,10!1’ 
Kusch,  0  Kellogg11  and  Ramsey.  1  A  schematic  view  of 
the  first10  of  these  is  shown  in  Fig.  1.  In  these  ex¬ 
periments  the  atoms  and  molecules  were  deflected  by  a 
first  inhomogeneous  magnetic  field  and  refoeussed  by  a 
second  one.  If  a  resonance  transition  were  induced  in 
the  region  between  the  two  inhomogeneous  fields,  its 
occurrence  could  easily  be  recognized  by  the  reduction 
of  Intensity  associated  with  the  accompanying  failure 
of  refocussing.  For  transitions  induced  by  the  radlo- 
frequenev  field,  the  apparent  Ptequer.cy  was  almost  the 
same  for  all  molecules  independent  of  moLccular  veloci¬ 
ty.  As  a  result,  sharp  resonances  wore  obtained  when¬ 
ever  Eq.  (1)  was  satisfied. 

Rabi,  Kellog,  Zacharlas  and  Ramsey*1  soon  exten¬ 
ded  the  method  to  the  molecule  H2  for  which  the  reso¬ 
nance  frequencies  depended  not  only  on  Eq.  (1)  but  also 
on  internal  Interactions  within  the  molecule.  The 
transitions  in  this  case  occurred  whenever  the  oscilla¬ 
tory  field  was  at  a  Bohr  frequency  for  an  allowed  tran¬ 
sition 

hv  -  Ex  -  Eg  (2) 

For  the  first  time  they  began  speaking  of  their  results 
as  "radiofreouency  spectroscopy." 

Molecular  Beam  Magnetic  Resonance  Experiments 

By  1139,  the  new  molecular  beam  magnetic  resonance 
method  had  demonstrated  lt3  usefulness  sufficiently 
well  that  it  appeared  to  Rabi,  Kellogg,  Ramsey,  and 
Zacharlas  to  be  of  possible  value  for  the  definition  of 
standard  magnetic  fields  and  for  use  as  a  tine  and  fre¬ 
quency  standard.  In  lv3 *  they  ilscussed  these  possi¬ 
bilities  with  a  scientist  at  the  nurcau  of  Standards  — 
whose  name  is  fortunately  no  longer  remembered  —  and 
found  little  interest  in  the  use  of  subtle  molecular 
bean  techniques  for  such  practical  purposes  as  stan¬ 
dards  of  magnetic  field,  time  or  frequency. 

In  most  respects  the  molecular  beam  technique  in 
1939  was  more  suitable  as  a  standard  of  magnetic  field 
than  of  frequency  or  time  since  the  observed  resonances 
at  that  time  were  largely  dependent  on  the  externally 
applied  magnetic  field.  Frc.u  the  point  of  view  of  fre¬ 
quency  control,  it  was  consequently  a  great  step  for¬ 
ward  when  in  1940  Kusch,  Mlllman  and  Rabi1^’1”  first 
extendel  the  method  to  paramagnetic  atoms  and  in  par¬ 
ticular  to  AF  »  t  1  transitions  of  atoms  where  the  rel¬ 
ative  orientation  of  the  nuc  car  and  electronic  mag¬ 
netic  moments  were  changed,  in  which  case  the  resonance 
frequencies  were  determined  dominantly  by  fixed  inter¬ 
nal  properties  of  the  atom  rather  than  by  interactions 
wtth  an  externally  app'ied  magnetic  field.  The  first 
resonance  measurements  of  the  Cs  hyperfine  separation, 
which  has  been  so  extensively  used  in  frequency  con¬ 
trol,  were  reported1”  in  19bo. 

In  19U 1  the  research  with  the  atomic  beam  mag¬ 
netic  resonance  method  was  mostly  Interrupted  by 
World  War  II  and  lid  not  resu-T  before  HuA,  In  Idb'l 
Kusch  and  raubl7  polntei  the  possibility  of  observ¬ 


ing  tne  hyperfine  resonances  at  magnetic  fields  such 
that  the  resonance  frequency  was  an  extremum,  in 
which  case  the  frequency  to  first  order  was  independent 
of  the  strength  of  the  magnetic  field. 

In  19^9  Ramsey1®! ^  invented  the  separated  oscil¬ 
latory  field  method  for  molecular  beam  resonance  for 
which  the  oscillatory  field,  instead  of  being  distri¬ 
buted  uniforually  throughout  the  transition  region, 
inis  concentrated  in  two  coherently  driven  oscillatory 
fields  in  short  regions  at  the  beginning  and  end  of  the 
transition  region.  The  theoretical  shape  of  a  resonance 
curve  with  this  apparatus  is  shown  in  Fig.  2.  Ramsey 
pointed  out  that  this  method  has  the  following  advan¬ 
tages:  (a)  V>e  resonances  are  40^  narrower  than  even 
the  most  favoia. le  Rabi  resonances  with  the  same  length 
of  apparatus:  (bj  The  resonances  are  not  broadened  by 
field  inhonogcne.Ues;  (c)  The  length  of  the  transi¬ 
tion  region  can  >.  much  longer  than  the  wave  length  of 
the  radiation  provided  the  two  oscillatory  regions  are 
siiort  whereas  ther  .re  dlrficulties  with  the  Rabi 
method  due  to  phase  efts  when  the  length  of  the  oscil¬ 
latory  region  is  "os) liable  to  the  wave  length; 

(d)  The  first  order  o.-q.ler  shift  can  mostly  be  elim¬ 
inated  when  suifUlently  si, art  oscillatory  field  regions 
are  used;  (e)  The  .’ens'tivity  of  resonance  measure¬ 
ments  can  be  incrcesrd  by  the  deliberate  use  of  appro¬ 
priate  relative  phase  shifts  between  the  two  oscilla¬ 
tory  fields.  All  of  these  characteristics  are  of  great 
value  for  the  use  of  atumic  beam  resonance  devices  equip¬ 
ment  as  precision  frequency  and  tire  standards.  A 
photograph  jf  an  early  molecular  bear  apparatus^0  using 
this  method  is  shown  in  Fig.  3- 

Atomic  Beam  Frequency  Standards 

With  the  above  developments,  it  was  apparent  to 
most  molecular  bcumists  by  I9I.9  that  atomic  oeam 
methods  could  be  highly  effect. vc  for  precision  fre¬ 
quency  control.  However,  this  was  less  clear  to  others 
who  then  believed  that  the  advances  in  crystal  frequen¬ 
cy  control  techniques  had  beer  so  great  that  atomic 
devices  could  not  bo  enough  better  to  justify  the  extra 
cost  and  effort.  However,  in  1952  Sherwood,  Lyons, 
McCracken  arid  Kusch?J.^2  reported  briefly  on  atomic 
beam  rcsonan-.e  research  supported  by  the  National 
Bureau  of  .It. a idards  and  dirccuiJ  primarily  toward  the 
development  of  an  atomic  beam  clock.  A  schematic 
diagram  of  a  proposed  atomic  beum  clock  at  that  time  is 
given  in  Fig.  4.  Tile  financial  support  for  such  work 
soon  dwindled  due  to  advances  In  microwave  spectros¬ 
copy  and  the  v lew  then  held  by  those  supporting  the 
work  that  a  molecular  clock  based  on  the  microwave 
absorption  by  ammonia  at  its  inversion  frequency  would 
be  simpler  and  more  promising. 

A  few  years  later  Zncharias2^?1*  stimulate  1  re¬ 
newed  Interest  in  an  atomic  beam  cesium  clock.  His 
initial  concern  was-  for  an  entirely  new  type  0'  ^esium 
beam  in  which  ultra  high  precision  would  be  obtained  by 
the  use  of  extremely  slow  molecules  moving  upwards  in  a 
vertical  apparatus  at  such  low  velocities  tnat  they 
would  fall  back  down  by  the  action  of  gravity.  Al¬ 
though  this  fountain  experiment  eventual W  failed  due 
to  the  unexpectedly  great  deficiency  of  the  required 
ultru  slow  molecules  emerging  from  the  source,  it 
stimulated  Zacharlas  to  develop  and  to  urge  others  t  1 
develop  .:ell  engineered  atomic  beam  frequency  standards 
using  normal  atonic  velocities.  The  fountain  experi¬ 
ment  of  Zacharlas  illustrates  the  value  to  science  of 
even  some  unsuccessful  experiments  sin. e  the  existence 
of  this  unsuccessful  effort  directly  an:  indirectly 
stimulated  three  quite  different  developments:  (n!  The 
use  of  conventional  but  well  englneerei  ..tonic  (earns 
for  frequency  control;  (b)  The  development  by  Ramsey 
and  others of  the  stored  atom  technique  which  even¬ 
tually  lead  to  the  hydrogen  maser  ar.i  High  pre.  i- 


sion  resonance  experiments  with  ultra  slow  neutrons. ^3 
The  first  report  on  an  atomic  beam  frequency  standard  at 
a  Frequency  Control  Symposium  was  that  of  Zacharias  at 
the  Ninth  Symposium  in  1955  (the  first  report  of  any 
kind  on  atomic  or  molecular  research  at  a  Frequency 
Symposium  was  a  paper  at  the  Fourth  Symposium  in  1950  by 
R.  H.  Dicke‘°  on  the  reduction  of  Doppler  widths  in 
microwave  absorption) .  Zacharias  claimed  a  short  time 
stability  of  1  part  in  lO^  for  his  atomic  cesium  fre¬ 
quency  standard. 

In  1955,  Essen  and  Parry‘S  0f  the  British  National 
Physical  Laboratory  successfully  operated  the  first 
practical  laboratory  atomic  cesium  beam  apparatus  that 
was  extensively  used  as  an  actual  frequency  standard. 
Their  construction  and  effective  use  of  this  device  pro¬ 
vided  a  major  impetus  to  the  subsequent  development  of 
atomic  beam  cesium  frequency  standards. 

In  1956  the  first  commercial  model  of  an  atomic 
beam  frequency  standard  appeared  on  the  market.  This 
was  the  National  Company's  "Atomlchron"  developed^  by 
J.  H.  Holloway  and  A.  Orenberg  in  collaboration  with 
J.  R.  Zacharias  an.i  later  Joined  by  R.  McCoubrey  and  R. 
Daley.  Tills  device  U3ed  Ramsey's  separated  oscillatory 
field  method  for  increased  precision,  a  special  design 
of  cesium  oven  which  could  be  operated  several  years 
without  exhaustion,  titanium  pumping  to  permit  permanent 
sealing  off  of  the  evacuated  beam  tube,  und  many  other 
features  necessary  for  an  effective  commercial  device. 

A  photograph  of  the  first  commercial  Atomlchron  is 
shown  in  Fig.  5-  The  development  of  the  Atomlchron  was 
largely  supported  financially  by  the  U.  o.  Signal  Corps 
at  Ft.  Monmouth  though  some  support  .ame  from  the  Air 
Force.  A  purchase  order  by  the  Signal  Corps  for  a 
relatively  large  number  of  Atomichrons  made  possible 
the  development  of  mass  production  techniques  and  im¬ 
proved  engineering  to  permit  sufficient  reliability  and 
reductions  in  price  to  assure  conmerclal  success. 

The  early  atomic  beam  frequency  standards  were  sub¬ 
ject  to  various  frequency  shifts  dependent  on  the  ampli¬ 
tude  of  the  radiofrequency  power  used  nnJ  on  other 
variables.  To  account  for  these  results  Ramsey  ana¬ 
lyzed,  with  the  aid  of  a  computer  analysis  supported  by 
the  National  Company,  the  various  possible  distortions 
that  would  occur  in  an  atomic  beam  resonance.2”  The 
elimination  of  radiofrequency  phase  shifts  and  other 
sources  of  distortion  made  possible  the  marked  in¬ 
creases  in  accuracy  that  have  been  obtained  with  the 
atomic  beam  frequency  standards. 

From  1156  on  the  atomic  beam  frequency  standards 
ievcloped  rapidly.  Mock. or,  Beeler  and  Barnes2"’2?  de¬ 
veloped  an  .t..nic  cesium  frequency  standarJ  at  the 
National  Bur  na  of  Standards  in  Boullcr.  Other  commer¬ 
cial  organizations  such  at.  TRG,  Bomac,  Varlan,  and 
Hewlett-Packard  became  Involved.  Many  laboratories  out¬ 
side  of  both  England  anl  t*.e  United  States  either  con¬ 
structed  or  purchased  atomic  beam  frequency  standards 
including  those  In  Canada,  France,  and  Germany  and  the 
laboratories  of  Kartaseh >f f2^  anl  Bonanoml2"  in  Switzer¬ 
land.  Dther  materials  than  cesium  were  tested  for 
molecular  beam  clocks;  although  thnlll  .  nnd  various 
polyatomic  molecules  have  some  significant  advantages 
they  have  not  yet  significantly  Jlsplared  cesium  which 
is  particularly  convenient.  Reder,  Winkler  and 
others2"  at  Ft.  Monmouth  and  Markowitz  at  the  Naval  Ob¬ 
servatory  sponsored  various  world-wi  in  studies  of  the 
comparison  of  atomic  clock  frequencies  and  the  synchro¬ 
nization  of  clocks.  Extensive  studies  were  made  of 
other  atoms  such  as  thallium  for  use  in  the  atomic  beam 
tuber  and  various  molecula-  resonances  were  studied  for 
possible  use  in  a  molecular  beam  electric  resonance 
apparatus  for  frequency  control  purposes.  However, 
atomic  ce3lum  remains  the  most  widely  used  substance  in 
molecular  or  atomic  beam  frequency  control  devices. 


Particularly  effective  atomic  beam  cesium  clocks  were 
developed  and  sold  by  Hevle-.b-Pai.knrd  which  also  devel¬ 
oped  a  "Hying  clock"  particularly  suitable  for  the 
lntercomparison  of  atomic  clocks  in  different  labora¬ 
tories.  A  modern  beam  tube  for  an  atomic  cesium  fre¬ 
quency  standard  is  shown  photographically  in  Fig.  6. 

In  19&7,  the  Thirteenth  General  Conference  of 
Weights  and  Measures  resolved  that  the  unit  of  time  in 
the  International  System  of  Units  should  be  the  second 
defined  as  follows:  "The  second  is  the  duration  of 
9,192,631,770  periods  of  the  radiation  corresponding  to 
the  transition  between  the  two  hyperflne  levels  of  the 
ground  state  of  the  cesium  atom  133." 

Microwave  Absorption  Spectroscopy 

Microwave  absorption  spectroscopy  had  an  early 
start  in  the  experiments  of  Clceton  and  Williams29)30 
in  193**-  They  observed  the  absorption  of  microwave 
radiation  at  the  NH3  inversion  frequency.  However,  re¬ 
search  on  microwave  absorption  was  inhibited  at  that 
time  by  the  lack  of  suitable  microwave  oscillators  and 
circuits  so  there  was  no  farther  development  of  micro- 
wave  absorption  spectroscopy  until  after  the  development 
of  microwave  oscillators  and  wav  guides  for  radar  com¬ 
ponents  in  World  War  II.  Immediately  following  World 
War  II  there  was  a  great  burst  of  activity  in  micro- 
wave  absorption  spectroscopy.  Although  there  were  no 
publications  on  experimental  microwave  spectroscopy  in 
19**9>  ia  the  single  year  of  lyhfi  there  were  a  number  of 
important  publications  from  many  different  laboratories 
including  reports  by  the  following  authors^:  Bleaney, 
Fenrose,  Berlngcr,  iownes,  bickc,  Strandbcrg,  Dailey, 
Kyhl,  Van  Vleck,  Wilson,  Dakin,  Good,  Coles,  Hersh¬ 
berger,  Lamont,  Watson,  Roberts,  Beers,  Hill,  Merritt 
and  Walter,  and  in  19 •♦7  there  were  over  60  published 
papers  on  this  subject  including  a  number  of  publica¬ 
tions  by  Gordy  and  Jen  a»  well  as  those  with  reports 
the  previous  year  and  by  others.  A  typical  microwave 
absorption  experiment  at  this  time  is  shown  schemat¬ 
ically  in  Fig.  7. 

Microwave  absorption  techniques  were  quickly  rec¬ 
ognized  to  be  or  potential  value  for  frequency  stan¬ 
dards.  In  l'jWJ  a  group  of  workers^  at  the  National 
Bureau  of  Jtandards  built  an  ammonia  clock  which  was 
completed  in  1)1*9  and  is  shown  in  Fig.  8  and  which 
eventually  achieved  an  accuracy  of  a  part  in  1CP.  J. 
Rosscl22  in  Switzerland  and  K.  Shimoda  in  Japan  de¬ 
vised  nn  improved  aroionin  absorption  clock  good  to  a 
few  parts  In  10c?. 

The  first  report  at  a  Frequency  Control  Symposium 
pertaining  to  atomic  and  molecular  frequency  standards 
was  that  of  Dlckc  at  the  Fifth  Symposium  in  1991  when 
he  delivered  a  report  entitled,  "Reduction  of  the 
Doppler  Contribution  to  the  Wi  1th  of  Microwave  Absorp¬ 
tion  Lines."  In  the  Seventh,  Eighth  and  Ninth  Symposia 
he  anJ  Carver,  Arditi,  and  others  described  the  con¬ 
tinuation  of  this  work  at  both  Princeton  ai.d  R.C.A. 
with  the  financial  support  of  the  Signal  Corps.  The 
mi.rownve  absorption  studies  soon  merged  with  the 
optical  pumping  techniques  described  in  the  next  sec¬ 
tion,  since  the  intensities  of  the  resonances  were 
greatly  enhanced  by  the  use  of  optical  pumping. 

Optical  Pumping 

The  starting  point  of  ull^research  optical 
pumping  was  a  paper  by  Bitter?''  in  19**9  wnicii  showed 
the  possibility  of  studying  nuclear  properties  in 
optically  excited  states.  KasUcr??*?'  showed  the 
following  year  that  this  technique  could  be  effectively 
combined  with  the  double  resonance  method  he  and 
Brossel??  had  developed.  Both  optical  pumping  and 
optical  detection  techniques  serve  the  purpose  of  in¬ 
creasing  the  signal  to  noise  ratio  of  the  resonator 


output  signal:  the  optical  pumping  greatly  enhances  not  been  used  for  this  purpose  as  yet.  Furtner  dis- 

the  population  of  certain  states  so  the  signal  is  not  cussion  of  lasers  will  be  deferred  to  a  later  sec- 

weakened  by  stimulated  emission  nearly  cancelling  tion  of  this  report.  Molecular  maser  developments 

absorption,  and  the  optical  detection  increases  the  for  the  purposes  of  frequency  control  soon  became 

signal  to  noise  ratio  because  of  the  lower  noise  level  intense  and  went  in  many  directions  including  the 

of  optical  detectors  over  microwave  detectors.  search  for  more  suitable  molecules  than  ammonia, 

the  development  of  two  cavity  masers  (analogous  to  the 
The  combination  of  optical  pumping  techniques  separated  oscillatory  field  method^  for  molecular 

with  the  buffer  gas  method  for  reducing  Doppler  shift  beans),  use  of  ammonia  of  different  isotopic  compos! - 

developed  by  Dicke^  and  others^  provided  gas  cells  tion,  etc.  However,  after  a  few  years  of  intense 

of  real  value  as  frequency  control  devices.  Although  molecular  miser  activity,  the  interest  in  such  masers 

many  different  atoms  have  been  used  in  such  gas  cells,  for  frequency  control  waned  since  the  molecular  misers 

Rb°'  soon  became  the  favorite  in  most  such  devices.  on  the  one  hand  lacked  the  simplicity  and  low  cost  of 

Extensive  work  in  optically  pumped  gas  cells  for  fre-  optically  pumped  rubidium  gas  cells,  and  on  the  other 

quency  control  has  been  done  at  Princeton,  R.C.A.,  hand  lacked  the  higi  precision  of  either  atomic  cesium 

I.T.T.,  Space  Technology  laboratory,  the  National  beams  or  atomic  hydrogen  masers. 

Bureau  of  Standards,  Clauser  Technology  Corporation, 

Varian  Associates,  and  many  other  cmrecrcial,  unlver-  Atomic  Masers 

slty  and  government  organizations  in  the  U.  S.  and  . 

abroad.  Fig.  9  shows  a  typical  optically  pumped  In  1957  Ranseyr  °  proposed  to  increase  the  accuracy 

rubidium  frequency  standard.  of  the  atomic  beam  magnetic  resonance  method  by  retain¬ 

ing  the  atoms  for  a  much  longer  time  between  the  two 
The  optically  pumped  ga3  cells  have  the  advan-  separated  oscillatory  fields,  thereby  obtaining  much 

tages  of  simplicity,  relatively  low  cost,  large  signal  narrowei  resonances.  His  first  thought  was  to  confine 

to  noise  ratio,  and  good  spectral  purity.  Unfortu-  the  atoms  with  inhomogeneous  magnetic  fields  in  a 

nately  the  relatively  large  shift  in  frequency  due  to  large  ring  such  as  the  circular  tunnel  of  the  6  UeV 

numerous  buffer  gas  collisions  is  dependent  on  purity,  Cambridge  Electron  Accelerator.  However,  it  soon  be- 

pressure  an!  temperature.  As  a  result,  the  stability  came  apparent  that  the  Inhomogeneous  confining  mag- 

of  rubidium  gas  cells  over  a  period  of  several  months  net:c  fields  which  acted  on  the  atom:,  for  long  periois 

is  ordinarily  no  better  than  a  few  parts  In  10ln.  of  time,  would  hopelessly  broaden  the  resonances.  Ir. 

These  pressure  shifts  prevent  the  optlrali,.  pumped  gas  fact,  it  became  clear  that  the  frequencies  woul  be 

cells  from  being  primary  frequency  star,  lards  but  the  much  less  perturbed  by  a  confinement  fo-ce  thut  was 

gas  cells  are  used  as  frequency  control  devices  when  present  for  only  a  short  fraction  of  the  time  even 

too  much  accuracy  is  not  required.  Research  is  cur-  though  the  force  might  be  stronger  when  it  was  applied, 

rently  in  progress  in  a  number  of  laboratoiles  to  tm-  The  obvious  limit  of  such  a  device  was  confinement  of 

prove  the  stability  of  optically  pumped  gas  cells;  atoms  in  a  box  with  sul*at  ly  uoated  walls.  Although 

Bouchiat , - 3  Brossel-^  ani  others,  for  example,  have  many  wall  bounces  would  b>  required  to  achieve  marked 

eliminated  the  buffer  gases  and  as  in  the  hydrogen  narrowing  of  the  resonance  by  long  storage  time,  the 

maser  have  used  many  fewer  collisions  with  suitably  first  experiments  involved  only  a  few  wall  collisions, 

coated  walls  to  retain  the  atoms  and  reduce  the  effect  since  most  scientists  at  that  time  believed  that  even 

of  second  order  Doppler  shift.  atoms  in  an  S  state  would  undergo  hyperfin*  transi¬ 

tions  at  even  a  single  wall  collision.  The  first  ex- 
Molecular  Masers  periments  of  Kleppner,  Ramsey  ana  F.iclstadt  *?  involved 

-  only  a  few  wall  collisions  and  the  experiment  was  appre- 

In  1951  Pound,  Purcell  and  Ramsey^  studied  rriately  cabled  a  "broken  atomic  beam  resonance  experi- 

rmclear  spin  systems  with  Inverted  populations  and  merit. "  Cesium  atoms  and  a  teflon  coated  wail  were 

noted  that  such  systems  In  principle  were  Intrinsic  used  in  these  first  experiments, 

amplifiers  rather  than  absorbers.  The  first  sugges¬ 
tions  actually  to  use  systems  with  inverted  populations  Golden!  erg,  Kleppner  Mil  Ramsey1*1'  the*  nude  an 

as  practical  amplifiers  and  .soil lator.n  were  made  at  atomic  beam  resonance  apfuratus  which  storm  atoms  of 

closely  the  -arse  tlme^Lr.  1953-1155  and  Independently  cesium  for  a  longer  time  and  investigated  alternative 

by  Townes, 37  by  Weber™  and  by  Basov  and  Prokhorov. -  '  wall  coating  r.atcrtalr.  They  found  that  when  the 

The  first  su:h  amplifier  was  scc'essfullv  constructed  storage  bulb  was  coated  with  a  paraffin-J Ike  substance 

in  1955  by  Gordon,  Zelger,  ant  Townes’  and  .ailed  a  called  Paraflint1*  resonances  could  be  observed  after 

MASER  (Microwave  Amplifier  by  Stimulated  Emission  of  as  many  as  ?0G  wall  collisions,  it  was  recognized 

Radiation).  The  device  used  inhomogeneo  is  electric  that  atomic  hydrogen  would  probably  be  a  more  settable 

fields  to  focus  the  higher  etterg,.  ao’.o.-u.ar  inversion  atom  than  cesium  because  of  the  low  eleitrio  polarlze- 

states  of  ammonia  mole  .les  in  a  mol-ni'  r  beam.  billty  and  the  low  mass  of  hydrogen, but  cesium  could  be 

These  molecules  then  emitted  coherent  stimulated  much  more  efficiently  detected  than  hydrogen, 

radiation  in  passing  through  a  -Hvitv  tunei  t>  the  < 

fc.  f.Hz  ammonia  Inversion  transition.  A  rcherwt Ic  din-  Kleppner  and  'Innsey1**  »  '*>  ,r'  therefore  proposed  de¬ 
gram  of  the  first  ammonia  rascr  Is  shown  i.i  rig.  10.  teetiw  of  the  emitted  radiation  rather  than  of  tr.e 

A  report  by  lord  or.  on  the  new  ammonia  rr.aser  ■i.x-  a  atom.  In  particular,  they  noted  tunc  atoms  of  r;  rugen 

major  attraction  at  the  spe'ial  meeting  on  "torn!1  an J  in  tne  higher  energv  hyper * ine  state  touid  be  focusseu 

molecular  resonances  sp*  C3orei  by  th-  Signal  ’'orp.  ir*o  a  uiitnntv  c*  ited  siornee  bulb  by  a  r'  i  pole  mag- 

Engtneerlng  laboratory  it  i95f-.  In  that  year  Bloem-  net  while  atoms  l.i  t..r  .ow-r  scale  would  be  defocussod. 

bergen10  proponed  the  thrie  level  solid  rt.H-  maser  They  showed  that  if  such  a  storage  bulb  were  sur- 

and  in  ldtfl  Townes  and  Jchowlow'i  pointed  out  tne  pus-  rounded  by  a  mlcrowav'  cavil,  tuned  to  the  i  tEj  Mil/ 

Sibllity  of  masers  at  the  Infrared  an  I  optical  fre-  hyperflne  transition  frequen.y,  then  maser  osc’llation 

quencles.  should  ox  ir.  In  Goidenberg,  Kleppner,  ant 

t<n>i'.eyJ‘‘-'  •  orst-ueted  an!  operated  the  first  atomic 
Slrce  the  announcement  of  the  first  suc-ecsful  h>  irogen  maser.  1  photograph  .  f  this  apparatus  is 

amncnla  maser  in  I9’,3  toere  liar  been  tremendous  re-  st  own  in  Fi(  .  11.  although  the  to’al  microwave  power 

-earch  and  development  umivit.  by  r M enlists  and  was  small  —  appro  imut.-iy  ’.0"12  watts  —  'he  stabil- 

englnoers  In  many  countries.  Masers  at  Ir.frarei  or  l.y  was  so  high  that  the  output  was  coticer,*  rated  1 o 

optical  frequencies  (often  oallej  lasers)  have  *renl  ar.  extremely  narr.  w  hand  with  a  consequently  favorable 

potential  for  frequency  -ontrol  even  though  they  have  signal  ’  1  ■  .lie  ra1 i.  . 


Although  the  first  hydrogen  masers  used  wall  coat¬ 
ings,  of  Paraflint44  (a  variety  of  paraffin)  or  of  Dri- 
Film*4  (dimethyidichlorosilane) ,  it  was  soon  found  that 
with  atonic  hydrogen,  in  contrast  to  cesium,  teflon 
coated  walls  gave  longer  storage  tines  and  smaller  fre¬ 
quency  shifts  from  wall  collisions.  °  Bender4?  soon 
pointed  out  that  spin  exchange  collisions  of  hydrogen 
atoms  could  not  be  neglected  and  might  produce  a  sig¬ 
nificant  frequency  shift  but  Crumpton4^  noted  that  the 
normal  tuning  technique  would  cancel  out  such  an  ef¬ 
fect. 

A  commercial  hydrogen  maser  was  developed  by 
Vessot,  Peters,  Vanier,  McCoubrey,  levins,  ana  Cut¬ 
ler.  '9  The  work  was  started  at  Bomac  and  successively 
transferred  to  Varian  Associates  and  Hewlett-Packard. 

It  is  currently  being  carried  on  by  Vessot  and  his 
associates  at  the  Smithsonian  Astrophyslcal  Observatory 
and  at  the  Jet  Propulsion  Laboratory.  The  H-30  maser 
developed  by  Vessot  and  his  associates  is  shown  in  Fig. 
12  and  13. The  masers  are  being  built  chiefly  for  long 
base  line  interferometry  in  radio  astronomy,  which 
benefits  greatly  from  the  high  stability  of  the  hydro¬ 
gen  maser.  Research  and  development  on  hydrogen 
masers  is  carried  out  in  the  laboratories  of  Karta- 
schoff2®  in  Switzerland,  Audoln58  »r.d  Grlvet2®  i  n 
France,  and  in  a  number  of  other  countries. 59 

The  chief  disadvantage  of  the  hydrogen  maser  for 
time  and  frequency  control  has  been  the  existence  of  a 
small  frequency  shift  due  to  collisions  of  the  atoms 
with  the  teflon  coated  walls  of  the  storage  bulb.  With 
a  16  cm.  diameter  bulb  this  wall  shift  is  about  two 
parts  in  1044  and  can  be  measured  by  using  bulbs  of  two 
different  diametc  .  However,  until  recently  the 
measurements  of  the  wall  shifts  have  been  limited  to 
accuracies  of  a  few  percent  by  variations  in  llffcrcnt 
wall  coatings.  However,  Uzglris  and  Ramsey?0  at 
Harvard  have  reduced  the  wall  shift  by  a  factor  of  ten 
by  the  use  of  an  atom  storage  vessel  of  ten  times 
larger  diameter  ( 1 . 5m)  .  In  the  same  laboratory, 
Brenner5^  and  Debely?2  have  recently  developed  a  tech¬ 
nique  to  measure  the  wall  shift  in  a  single  storage 
bulb  by  cnanging  Its  volume  by  deforming  its  shape. 
Since  a  single  bulb  Is  used  In  this  method,  it  is  free 
from  the  uncertainties  in  the  non-reproduclblilty  of 
the  wall  coatings  >f  ilfferent  bulbs.  Although  this 
method  has  so  far  been  usable  on  only  hydrogen  masers 
with  normal  sized  storage  bulbs,  It  should  also  be  ap¬ 
plicable  to  the  large  storage  bulbs.  Zltzewita?*  has 
also  shown  that  at  a  temperature  of  about  Oo^C  the 
wan  shift  passes  through  zero;  It  Is  thus  possible  to 
operate  tne  hydrogen  maser  at  a  temperature  such  that 
the  wall  shift  vanishes  and  to  select  this  ' eraperature 
by  the  deformable  bulo  technique.  With  these  new 
methods,  it  Is  hoped  that  an  absolute  a— uracy  consid¬ 
erably  better  than  '  part  in  lO1?  0an  be  attained. 

Although  the  hydrogen  maser  is  the  most  stable 
atomic  jiascr  for  long  per1  o Is  of  time,  Koviek,2" 

Vanier2'  and  others  have  developed  a  nigh  power  opti¬ 
cal  ly-purrped  atomic  Rb^?  maser  wnose  relatively  high 
output  power  is  useful  for  short  terra  stability. 

Optical  Masers 

Townes  ar.d  Schawl  aw1*1  pointed  out  that  masers 
could  be  produced  at  Infrared  and  optical  frequencies. 
The  first  optical  maser  or  laser  was  successfully  made 
from  ruby  by  Maiman.?  Subsequently  there  was  a  great 
burst  of  activity  In  this  field  and  lasers  were  made 
of  a  wide  variety  of  materials  and  at  high  pulsed 
power.  From  the  point  of  view  of  frequency  control, 
the  laser^ using  a  helium-neon  gas  mixture  developed 
by  Javan''-  anl  his  associates  is  of  particular  Inter¬ 
est  because  of  lt3  potentially  greater  stability.  As 
absolute  time  standards,  most  lasers  suffer  from  th* 
most  sensitive  determination  of  the  output  frequency 


being  the  distance  between  two  mirrors  whil<  in  the 
the  atomic  hydrogen  maser,  the  primary  determination 
of  frequency  is  the  hydrogen  atom  itself  with  only  a 
relatively  small  amount  of  pulling  from  mistuning  if 
the  microwave  cavity.  However,  various  methods  for 
determining  the  laser  frequency  more  by  the  atomic 
properties  have  been  developed  ar.d  further  improvements 
are  being  attempted.  Likewise  Javan5°  and  others  are 
making  vigorous  efforts  by  frequency  multiplication  to 
bridge  the  gap  between  microwave  radiation  and  the 
optical  laser  frequency.  Villen  this  i3  done  the  lasers 
may  provide  a  valuable  alternate  in  frequency  control. 
Since  this  has  not  been  accomplished  so  far,  lasers 
have  not  yet  been  used  for  frequency  control  and  they 
are  consequently  discussed  only  briefly  in  this  review 
of  frequency  control  devices. 

Trapped  Ions 

Dehmelt56  in  1959  first  used  electromagnetic  ion 
traps  in  radiofrequency  resonance  studies.  Since  the 
ions  can  be  retained  in  the  apparatus  for  very  long 
times,  the  resonances  could  be  very  narrow  by  the  uncer¬ 
tainty  principle.  However,  so  far  the  resonances  have 
been  significantly  broadened  by  the  second  order  Doppler 
shift  arising  from  the  ion  velocities  in  the  ion  trap. 
Efforts  have  been  made  to  diminish  the  broadening  by 
Dehmelt,  Major,  Fortson  and  Schuessler57  but  such 
trapped  ion  devices  have  not  yet  provided  as  stable 
frequencies  as  the  best  alternative  frequency  standards. 

Future  Prospects 

Although  atomic  and  molecular  frequency  control 
has  been  a  reality  for  a  number  of  years,  new  develop¬ 
ments  are  still  occurring  at  a  relatively  rapid  rate. 

As  a  result  it  is  impossible  to  forecast  reliably  the 
future  developments  that  will  lead  to  the  most  major 
subsequent  advances.  For  highest  stability  and  repro¬ 
ducibility  the  most  promising  prospects  now  appear  to 
be  (a)  further  Improvements  in  the  atomic  and  molecular 
beam  methods,  (o)  hydrogen  maser  improvements  by  com¬ 
binations  of  the  new  deformable  bulb  technique  with 
either  the  large  box  maser  or  operation  at  a  tempera¬ 
ture  where  the  wall  shift  vanishes,  (c)  improved  stored 
ion  devices  and  (d)  use  of  lasers  for  frequency  con¬ 
trol.  However,  there  also  may  be  new  ideas  and  devel¬ 
opments  that  drastically  Improve  one  of  the  existing 
techniques  or  lead  to  totally  new  methods  of  atomic  or 
molecular  frequency  control. 

*  This  paper  provided  the  basis  for  an  invited  talk 
at  the  25th  Anniversary  Frequency  Control  Sympo¬ 
sium  on  April  26,  1911.  Since  this  is  the  first 
effort  ever  made  to  present  a  coherent  historical 
account  of  this  subject,  omission  and  errors  are 
inevitable.  The  author  will  welcome  any  letters 
either  correcting  or  adding  to  this  record. 
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Fig.  1.  Schematic  diagram10  showing  the  principle  of  the  first  molecular 
beam  resonance  apparatus.  The  two  solid  curves  indicate  two 
paths  of  molecules  having  different  orientations  which  are  not 
changed  during  passage  through  the  apparatus.  The  two  dashed 
curves  in  the  region  of  the  B-  magnet  indicate  two  paths  of 
molecules  whose  orientation  has  been  changed  in  the  C-  region 
so  the  refocussing  is  lost  due  to  the  change  in  the  component 
of  magnetic  moment  along  the  direction  of  the  magnetic  field. 
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Fig.  2,  Theoretical  shape  for  separated  oscillatory  field  resonance 
pattern . 
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Fig.  4.  Schematic  diagram  of  a  proposed  atomic  beam  clock 
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A  typical  microwave  absorption  experiment  using  a  radio- 
frequency  bridge  and  heterodyne  detection. 
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Fig.  12.  Schematic  diagram  of  commorci^  hydrogen  maser  developed 
by  Vessot  and  his  associates. 
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ACOUSTICAL  AND  OPTICAL  ACTIVITIY  IN  ALPHA  QUARTZ 
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Abstract 


It  i 8  shown  that  a  theory  of  elastic  dielectrics,  in 
which  the  stored  electromechanical  energy  depends  on 
the  polarization  gradient,  accounts  for  both  acoustical 
and  optical  activity.  Formulas  for  the  acoustical  and 
optical  rotatory  powers  of  o-quartz  are  derived  and  the 
values  of  new  material  constants  appearing  in  them  are 
calculated  from  experimental  data. 
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Acoustical  activity  (rotation  of  the  direction  of 
mechanical  displacement  along  the  path  of  a  transverse, 
elastic  wave)  has  recently  been  observed  by  Pine  [  1] 
and  by  Joffrin  and  Levelut  (  2]  in  o-quartz.  The  possi¬ 
bility  of  the  phenomenon  appears  first  to  have  been  men¬ 
tioned  by  Silin  [  t] .  It  was  accounted  for  by  one  of  us 
( -l]  on  the  basis  of  the  theory  of  elasticity  in  which  the 
stored  energy  is  a  function  of  the  gradient  of  the  strain, 
in  addition  to  the  strain.  Portigal  and  Bursteln  [5] 
found  an  equivalent  result  by  assigning  dependence  of 
the  elastic  stiffness  on  the  wave  vector.  The  purpose 
of  the  present  paper  is  to  show  that  both  acoustical  and 
optical  activity  are  accounted  for  In  the  theory  of  elastic 
dielectrics  in  which  the  stored  electromechanical  energy 
is  a  functior  of  the  polarization  gradient  (  6]  in  addition 
to  the  usual  strain  and  polarization.  It  has  already  been 
shown  (  T]  that  the  differential  equations  of  the  resulting 
theory,  rather  than  the  equations  of  the  classical  theory 
of  piezoelectricity,  are  the  correct,  long  wave,  low 
frequency  limit  of  the  finite  difference  equations  of  a 
lattice  of  shell  model  atoms  if  the  shell-shell  interac¬ 
tion  between  adjacent  atoms  is  taken  Into  account.  It 
has  also  b»en  shown  that  the  polarization  gradient  can 
account  (  bj  (or  the  surface  energy  of  deformation  and 
polarization  and  it  can  also  account  [  7]  for  an  anomaly 
observed  in  measurements  of  electrical  capacitance  of 
thin,  dielectric  films.  In  the  present  paper,  the  field 
equations  are  ohibited  for  the  coupled  elastic-electric- 
magnetic  system,  the  problem  of  shear  waves  along  the 
trigonal  axis  of  a-quartz  is  solved,  formulas  are  obtain¬ 
ed  for  the  optical  and  acoustical  rotatory  powers,  and 
numerical  values  of  the  new  material  constants,  in  the 
formulas,  are  calculated  from  experimental  data.  Ess¬ 
entially,  the  theory  has  it  that  the  appearance  of  optical 
activity  depends  on  an  Interaction  between  the  polariza¬ 
tion  and  the  polarization  gradient;  the  appearance  of 
acoustical  activity  depends  on  interactions  of  the  strain 
with  both  the  polarization  and  the  polarization  gradient, 
and  is  absent  if  either  interaction  is  missing  —  provided, 
of  course,  that  the  phenomenon  does  not  depend  ?•,  the 
strain  gradient,  as  assumed,  tentatively,  in  this  paper. 
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T  =  8WL/as  ,  eV  =  -3WL/9P.  ,  E..  =  SWL/SP.  . 
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In  (1),  uj  is  the  mechanical  displacement,  Pj  is 
the  polarization  density,  E^  is  the  Maxwel.  electric 
self-field,  p  is  the  mass  density,  «  is  the  permittivity 
of  a  vacuum  and  t  is  the  alternating  tensor,  in  (3), 
is  the  stored  energy  density  of  deformation  and 
polarization  in  which  by^f.  dyk<  and  jj,^  are  con¬ 
stants  associated  with  the  polarization  gradient,  Pj  ,, 
while  ay,  f^  and  cjj^/  belong  to  the  classical  theory 
of  piezoelectricity  and  arc  related  to  the  I.R.E.  Stan¬ 
dard  [  8)  symbols  for  the  reciprocal  dielectric  suscept¬ 
ibility,  xjj.  (be  piezoelectric  stress  const,  nt,  ej.u,  and 
the  elastic  stiffness  at  constant  electric  fiild,  ci?V  ., 
according  to  [ 9]  ^ 


aij  *  ‘  o  *  ij'  lijk 


-1  P 

<  \  c  c 

O  'i/  /,jk  tjk/ 


-1 

'X  e  c  ,  . . 
o  inn  mij  nkl 
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Coupled  Elastic,  Electric  and  Magnetic  Fields 

The  linear  equations  of  an  elastic,  dielectric  con¬ 
tinuum,  with  the  .  ontrihutlon  of  the  polarization  gradient 
taken  into  account,  but  without  the  coipting  to  the  mag- 


field, 


To  couple  (1)  to  the  equations  of  the  magnetic 
it  is  only  necessary  to  replace  the  th.rd  of  (l)  by 


'ijk  Ek,j  * 


(b> 
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and  add  the  equations 


and  the  con»  ttutive  equations  (11)  reduce  to 


|  tT1....  B.  .  -  <  E.  -  P  =  0,  (7) 
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where  Bj  Is  the  magnetic  flux  density  and  pQ  Is  the 

magnetic  permeability,  assumed  to  be  that  of  a  vacuum. 

It  is  convenient  to  eliminate  Bj  by  subtracting  the 

1  curl  of  (6)  from  the  time  derivative  of  (7),  witn  the 

’  result 

< 

=  fl4 

u2,  3 

+  ‘o‘Xll 
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F2'jl7Pl,3- 
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The  last  of  (1)  and  (8)  are  not  Independent  of  (7)  and 

E 

32 

=  d74 

U2,3 

+  jl7Pl 

+  b50  P2,3* 

(6),  respectively,  and  may  be  disregarded  for  the  pre¬ 

sent  purpose. 

E31 
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Thus,  (9),  along  with  the  first  two  of  (l): 

Tij.i =  PV 


E..  .  +  E  +  E  3  0,  (10) 
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are  the  field  equations  governing  mechanical  and  electro¬ 
magnetic  waves,  coupled  through  the  constitutive  equa¬ 
tions: 


Inserting  (13)  In  (12),  we  have 

C«  ul.  35  "£14P2,3+  d74  Pl,33  =  PY 


C44U2,33+  *14  Pl,3+  d74  P2,  33  '  PY 
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which  are  obtained  from  (2,  and  (3). 


For  a  crystal  of  Class  32  (International)  or  Dj 
(Schoenflles)  [  10] ,  to  which  o-quartz,  belongs,  the 
constitutive  equations  take  the  form  shown  in  Fig.  1, 
in  which  x,  has  been  taken  as  the  trigonal  axis  and  Xj 
one  of  the  dlgonal  axes.  In  Fig.  1,  an  abridged  notation 
Is  used  for  the  subscripts  attached  to  the  material 
constants: 

11  —1,  22  -2,  33  —3,  23  -4,  32  -7,  5l  -5,  13-8, 
12  -6,  21  -9. 

Plane  Waves  Along  the  Trigonal  Axis 

We  consider  shear  waves  propagating  along  the 
X3-axis;  l.e.,  uj,  Pi  and  are  functions  of  Xj  and 
t  only,  but  Uj,  P-j,  and  Ej  are  zero.  Then  the  field 
equations  (10)  reduce  to 


-^.B-’o^lV  E,  a  °' 


(14) 


d74U2,  33  +  Zjl7  Pl,3+  b55  ?2,  33 
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U2  =  A2  COe  ^X3  ‘  Vt)’ 


P^  =  Bj  COB  -  vt), 


E2  “  C2  co®  ^*3  '  vt) 


E,  a  sin  ;(x3  -  vt), 
and  substitute  these  functions  in  (14)  to  find 
<<4  -  PV^A1  *  f14B2  +  d74^Bl  "  °‘ 
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Adding  and  subtracting  these  equations  in  pairs,  we 
have 

<cf4  -  PV2)(A,±  A?)  +  (d,^  ?  f,J(B,  4  B,)  =  0, 


‘1  2'  T  '  74’  *  t4,(  1  =  2 


where  n  are  the  indices  of  refraction: 
± 


n±  =  C  /Vi 


(22) 


(d74;  *  f141(Al  *  A2} 


(17) 


+  (b55t2+  ‘o‘xn  *  2j)7U(B)  *  B2)  -(C,  ±C2)  =  0. 


and  c  is  the  velority  of  light  in  vacuo: 

,  s'1 

c  =  (‘o^o1  • 


(23) 


V2(B1  *  B2}  +  (<o,1ov2'IHC1  *  C2>  *  °- 


From  (21),  we  have 


Thus,  there  are  two  solutions,  each  correspond¬ 
ing  -c  circularly  polarised  waves  [11,  p.222]  since  the 
amplitudes  must  satisfy 


A1  =  iA2  ’  B1  *'  *  B2*  C\  =  *  C.2 


(18) 


with  either  all  upper  signs  or  all  lower  signs.  Upon 
substituting  (18)  into  (15),  we  see  that  the  upper  and 
lower  signs  give  right  and  left  circular  polarization, 
respectively.  The  velocities  are  obtained  by  setting  the 
determinant  of  the  coefficients  of  the  amplitudes  In  (17) 
equal  tr  zero: 


44 
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d74^  *  *14 
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b55;2+  Vli?  Zj17^ 


(19) 
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-1  -2 
n  V  -» 


=  0,  (20) 


which  yields  the  dispersion  formula  (compare  [  11  j, 
p.  426) 


n*  -  1  =  <*ii  *  2<0i,7C+  'AsCV' 


o  66’ 


(21) 


(n2  -  if*  -  (n2+  -  l)'1  =  4<0jnC-  (24) 


Now,  define  n  =  J(n+  +  nj  and  assume 


|n  -  n  I  «  n+  +  n_.  (25) 


Then  (24)  becomes,  approximately, 


•  1  -2 


This  is  a  quadratic  equation  in  v  ,  so  that  there  are  two 
pairs  of  oppositely  circularly  polarized  waves.  Each 
pair  of  such  wa/es  combines  to  produce  a  linearly  pol¬ 
arized  wave  with  a  rotating  direction  of  polarization 
[11,  p.222).  Thus,  we  have  two  cases  of  rotary  polar¬ 
ization.  These  may  be  identified  as  optical  and  acous¬ 
tical  by  separating  out  first  the  electromagnetic  part  of 
(19)  and  then  the  electromechanical  part.  The  two  may, 
in  fact,  be  considered  separately  owing  to  the  large 
ratio  of  the  frequencies  (of  the  order  of  105)  at  which 
the  two  effects  are  observed. 

Optical  Activity 

The  electromagnetic  part  of  the  determinant  in 
(19)  is  the  minor  of  the  upper  left  element.  Thus,  the 
pair  of  optical  velocities  Is  given  by 


b60 ^  +  ‘o'*))  *  ^7 


-i,  -  2(n  -1)  i  ^26) 


where  ^0(  =  £/n)  is  the  wave  number  in  vacuo. 

The  optical  rotary  power,  in  radians  per  unit 
length,  is  given  by  [11,  p.  222) 


®ops 


(27) 


Accordingly,  from  (26)  and  (27), 

<2M 

Is  the  formula  for  the  optical  rotatory  power  In  terms  of 
the  average  index  of  refraction,  n,  along  the  optic  axis, 
the  wave  length  in  vacuo,  \  0(=2v/£0/,  the  fundamental 
constant  «Q  and  the  material  constant  J 1 7(  =Jj  32^  wBlch, 
as  may  be  seen  In  (3),  measures  the  interaction  bet¬ 
ween  the  polarization  and  the  polarization  gradient. 

Acoustical  Activity 

The  electromechanical  part  of  the  determinant  In 
(19)  Is  the  minor  of  the  lower  right  element,  so  that  we 
have 


=  0  (29) 


for  the  equation  determining  the  velocitiuf  of  the  two 
acoustical  waves,  as  Influenced  by  the  jasi-statlc 
polarization  and  polarization  gradient. 

From  (29), 

PV1  -  <4  -  <d74l  *fM>2/  <V2+  ' u"u  **|7«  ,,0) 
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In  view  of  (18)  and  the  Inequality  of  v+  and  v_,  the 
superposition  of  the  two  waves  results  in  rotary  polar¬ 
ization  (acoustical  activity)  with  acoustical  rotatory 
power 

®AC  =  -  V+‘Y  (31) 

where  w  Is  the  circular  frequency. 


Both  waves  are  dispersive.  At  the  zero  frequency 
(long  wave)  limit,  from  (30)  and  (5), 
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'44 
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(32) 


which  Is  the  result  (without  acoustical  activity,  since 
v+  =  v  )  that  would  be  obtained  If  the  contribution  of 
the  polarization  gradient  were  omitted,  l.e.  ,  if  d^„ 
bgg  and  jjy  were  assumed  to  be  zero.  As  the  freque¬ 
ncy  increases  from  zero,  the  absolute  velocity  differ¬ 
ence,  |v+  -  v_  | ,  at  first  Increases,  so  that  the  acous¬ 
tical  activity  appears  and  Increases.  With  further  In¬ 
creases  of  frequency,  the  velocity  difference  again 
approaches  zero,  since 


lint  pv3 
co  ± 


P  A2  'U 
C44  '  d74,b$C 


(33) 


so  that  the  acoustical  activity  diminishes;  but  this  Is 
undoubtedly  beyond  the  range  of  applicability  of  the 
continuum  theory.  Up  to  moderately  large  wave  num¬ 
bers,  (30)  and  (5)  give,  to  the  first  order  In  £, 

Vv±  =  lT<d74-j17C,4)ei4^C44  (34) 


except  dy^.  In  particular,  Pine  [1]  finds  that  the 
acoustical  and  optical  activities  have  opposite  signs 
and  the  acoustical  rotary  power  along  the  trigonal  axis 
is  about  220  radians/meter  at  one  gigahertz.  Thus,  for 
left  handed  e-quartz, 


9.„  =  220  radian/meter 

AC 

til. 

9 

0  =  2«  X  |0  radian/second 

111. 

p  =  2.  65  X  103  kilogram/meter3 

[12]. 

E  9,2 

c  1  57.94  X  10  newton/meter 

44 

[13]. 

2 

e  =  -0.  0406  coulomb/meter 

14 

[13]. 

Hence, 

E  2  2 

d74  ®Ac(C  44>  /el4pu  +  ^17el 4  s  -  174-0. 

0077  volt 

The  second  term,  j^e^,  is  negligible  In  comparison 
with  the  first,  so  that  we  may  drop  the  dependence  of 
acoustical  rotatory  power  on  and  replace  (35)  with 

°AC  =  d74C14  P“2/<C44)2'  (39) 

Thus,  according  to  this  theory,  the  presence  of 
acoustical  activity  In  o-quartz  depends  on  the  exist¬ 
ence  of  the  piezoelectric  stress  constant  e j .j{=e  1 2 3^ 
and  the  interaction  constant  d^  sd^^j)  between  strain 
and  polarization  gradient,  whereas  the  presence  of 
optical  activity  depends  only  on  the  existence  of  the 
interaction  constant  j j 7  ( =  j ^ ^ 2 )  between  polarization 
and  polarization  gradient. 


where  vg  =  Cqq/p.  In  this  range,  the  frequency  is 
approximately  proportional  to  the  wave  number:  w  =  Vq£, 
so  that,  from  (31)  and  (34), 


AC 


=  (d. 
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J17ei4,Cl4pu  /(c4q>2- 


(35) 


Thus,  at  frequencies  up  to,  say,  IQ10  cps,  the  acous¬ 
tical  rotatory  power  Is  approximately  proportional  to 
the  square  of  the  frequency  and  depends  on  the  constants 
p,  and  cjj^,  which  are  commonly  encountered  in 
piezoelectricity  theory,  and  also  on  the  constants  d^4 
and  Jj7  which  control  the  coupling  of  the  polarization 
gradient  with  the  strain  and  polarization,  respectively. 

Application  to  Quartz 

For  or-quartz,  all  the  quantities  in  the  formula 
(28)  for  optical  rotatory  power  are  known  except  jj 
Thus,  foi  left-handed  quartz  and  the  sodium  D  line, 

GQp  *  -379  radian/meter  [|1,  p,  48l], 

X.q  =  5893  X  10  meter  (  11,  p.  48l] , 

n  =1. 5533  [  11,  p. 481]  , 

«o  =»  8.854  X  10  *  2  farad/meter  [  1 0] . 

H  once, 

J 1 7  =  ‘  eoP^o  ^  ir  *0(n2-l)2  *  0.19  meter  2/farad.  (36) 

With  the  value  of  known,  all  quantities  In  the 
formula  (35)  for  acoustical  rotatory  power  are  known 
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FIGURE  1.  Constitutive  relations  for  crystal  class  32  (D^). 
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EXTENSIONAL,  FLEXURAL  AMD  WIDTH-SHEAR  VIBRATIONS 
OF  THIN  RECTANGULAR  CRYSTAL  PLATES 


P.  C.  Y.  Lee 
Princeton  University 
Princeton,  New  Jersey  08560 


Summary 

An  approximate,  one-dimensional  theory  is  derived 
for  thin  crystal  plates  or  bars  with  narrow  rectangular 
cross  section,  and  for  cases  in  which  the  stiffness 
matrix  of  the  crystal  c ; j  referring  to  the  plate  axes 
exhibits  monoclinic  symmetry,  A  set  of  five  equations 
of  motions  is  separated  into  two  groups:  the  extensional, 
width-length  flexural,  and  width-shear  motion  and  the 
transverse  shear,  and  width-twist  motion. 

Closed  form  solutions  of  coupled  extensional,  flex¬ 
ural,  and  width-shear  vioration  arc  obtained  for  thin 
rectangular  platt  with  free  edges.  Calculated  resonant 
frequencies  as  a  ijnction  o<  length-to-width  ratio  of 
the  plate  are  compared  with  detailed  measurements  by 
Miss  O.M.  Spears  on  +5°  ''-rut,  quartz  plates.  For  the 
use  in  design,  explicit  , •  jubraic  formulas  for  predict¬ 
ing  extensional  and  Mexural  frequencies  are  obtained  in 
terms  of  elastic  stiffnesses,  density,  and  width-to- 
length  ratio  of  the  plates. 


dimensional  equations  is  separated  into  two  groups  cor¬ 
responding  to  extension,  width-length  flexu'e  and  width- 
shear  motion,  and  transverse  shear  and  widtn-lwist 
motion.  In  case  the  crystal  is  plated  with  electrode 
platings,  the  mechanical  effect  of  the  platings  has  been 
taken  into  account. 

Then  closed  form  solutions  are  obtained  for  thin 
rectangular  plates  with  free  edges,  which  a-e  vibrating 
in  extensional,  flexural,  and  width-shear  modes.  The 
resonant  frequencies  are  computed  as  a  function  of 
length-to-width  ratio  while  the  width  of  the  plate  and 
the  electrode  mass  are  kept  at  constant  values.  The  pre¬ 
dicted  result  is  compared  to  D.M.  Spears'  ditailed  data 
on  *■$”  X-cut,  quartz  plates.1'  For  use  in  design,  ex¬ 
plicit  algebraic  formulas  for  predicting  ex  ensional  and 
flexural  frequencies  separately  are  obtained  in  terms  of 
elastic  stiffness,  density,  and  the  length-. o-width  ratio 
of  the  plates. 


Introduction 


One-Dimensional  Plate  Equations 


Thin  rectangular  plates  or  finite  bars  with  narrow, 
rectangular  cross  section  (Fig.  I)  excited  mainly  in 
extensional  and  flexural  modes  of  vibration  have  been 
used  extensively  as  piezoelectric  resonators  in  filter 
circuit  applications.  For  very  low  frequencies  (fl«l) 
and  small  width-to-length  ratio  (b/c'^l)  of  the  plate, 
the  classical  extensional  equation  and  flexural  equation 
including  the  effects  of  rotary  and  lateral  inertia' 
have  been  shown  to  predict  resonant  frequencies  with 
great  accuracy.  However,  duo  to  the  anisotropy  of  the 
crystals,  extensional  and  flexural  modes  are  sometimes 
strongly  coupled,  as  occurs  in  the  case  of  <h  X-cut, 
quartz  plates.  Furthermore,  in  case  of  plates  being 
excited  in  higher  flexural  modes  or  with  larger  values 
of  width-to-length  ratio,  the  effect  due  to  the  presence 
of  the  width-shear  mode  becomes  of  more  importance. 
Coupled  longitudinal  and  flexural  vibrations  of  both 
thin  rectangular  and  parallelogram  plates  have  been 
studied  extensively  by  Jumonj i  and  Onoe.^  In  their 
analysis,  approximate  solutions  are  obtained  by  linear 
combination  of  Lamb  waves  or  solutions  corresponding  to 
frequency  branches  of  the  Rayloigh-lamb  dispersion  equa¬ 
tion.  Hence  the  accuracy  of  their  approximation  can  be 
improved  by  taking  additional  higher  branches  into 
account. 

The  purpose  of  this  paper  is  to  formulate  an  approxi¬ 
mate  theory  which  includes  extensional,  flexural  and 
width-shear  modes  and  allows  closed  form  solutions  to 
satisfy  free  edge  conditions.  First,  a  set  of  approxi¬ 
mate,  one-dimensional  plate  equations  for  generalized 
plane  stress  is  derived  based  on  Hindi  in's  first-order, 
two-dimensional  equations  for  crystal  plates. 3  When  the 
stiffness  matrix  C ; j  of  the  crystal  referring  to  plate 
axes  exhibits  monoclinic  symmetry,  su-h  as  in  rotated 
Y-cut,  or  °X-cut  quartz  plates,  this  set  of  five  one- 


Consider  a  rectangular  plate  of  thickiess  2a,  width 
2b.  and  length  2c  in  the  rectangular  coordinate  system 
(X;)  as  shown  in  Fig.  I,  Hindi  in's  two-dimensional, 
first  order,  stress  equations  of  motion  for  crystal 
plates,  which  lake  into  account  the  first  'ive  lowest 
vibrational  modes,  are;3 
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where  uj  ore  the  components  of  the  displacement  ond 
Ui(l'  are  the  components  of  the  rotation  in  the  Xj  direc¬ 
tion  of  a  plate  eje^ient  which  is  orlginall  parallc 

are  stress  couples. 


|!°MC 


The  stress-strain  relations  with  monoc  inic  symmetry, 
such  as  the  case  for  rotated  Y-cut  or  &  0  X-cut  of  quartz 
are: 
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Tll>  =  2bCSll"l?i  *  ZI3U3°3  +  Vl4  (u2J  +  u3<l))]> 
T33}  °  2b[c13uU  +  c33u3<3  +  k3°34  (u2J  + 

Tf?“  2bCc55(u3°i  +  UK  +  klc56<u2?i  *  “I0*3’ 

Ti?  =  2btklc56(u3?i  +  U.J>  +  kf  c66(u2°1  +  u.(l)>^ 

TS?=  ^Vih  U1J  +  V34u3?1  +  k3  '^4%  + 
ti(I)  =  !b3  (^ii  “!!! + 

T(l)„2b3y  (l)(D  (1), 

13  3  55  k  3, 1  “ij3, 
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k2  =  n2/| 2, 

k,  =  n  [c,j  +  0^^  -  [(Cjj-  cb())  +  4  c7ii]  ^  }  /24cbil, 


c  =  c  -  c.  c  •>/<-„„ 
pq  pq  2p  q/  22 


Ypq  Cpq  °4p  Cql*^CW 


p,q  =  1,3,4 

p,q  =  1,3  (3) 


Y55  “  c55  '  c56/c66- 

These  equations  are  two-dimensional  and  the  traction 
free  edge  conditions  at  x%  •  ±b  have  been  accounted  for. 
When  the  thickness  of  the  plate  2a  is  small  as  compared 
witn  wave  lengths  and  other  plate  dimensions,  the  compo¬ 
nents  of  displacement  and  stress  can  be  approximated  by 
their  average  values  across  the  thickness  as  defined 
respectively  by5 

vj  -  Ja  f-auj ^  ^  (x^Xj, t)dx,  , 


aij  '  (*yl)  T  2a  "‘-a  Tij(  )  (XjjXj,  t)  dx) . 


Multiplying  (I)  by  I /2a  and  integrating  through  the 
thickness,  one  obtains: 
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where, 

“j">  •  I, h,,1*1  <■>  <->  3 

are  the  stress  resultants  (for  n«0)  and  stress  couples 
(for  n»l,  on  the  faces  of  the  plate  at  X|  *  t  a.  For 


(I) 


plates  with  traction-free  faces,  the  state  of  stress  is 
a  case  of  generalized  plane  stress.  The  p'oper  condi¬ 
tions  for  traction-free  face  conditions  are& 
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It  is  seen  that  (7)  and  (8)  imply  that  H;  c().  Further- 
more  for  symmetric  extensional  and  flexufal  motion  in 

the  Xj  direction,  uj03,  uj'3,  and  are  assumed  to  be 
symmetric  with  respect  to  the  x^x^plane;  therefore 


*  Cpj0),  uj'3,  u<°3]  ,,  dx,  =  0  , 
From  (2)  and  (7),  one  obtains: 
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Substitution  of  (10)  into  (2),  integration  through  the 
thickness,  and  utilization  of  the  assumption  (9)  yields 
the  stress-strain  relations  for  generalized  plane  stress 
theory: 
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The  displacement  equations  of  motion  are  oatained  by 
substitution  of  (lla)and  ( 1 2a)  into  (5): 
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It  may  now  be  noted  that  the  one-dimensional  plate  equa¬ 
tions  for  generalized  plane  stress  are  uncoupled  into 
two  sets  of  eqia.ions:  (lla,b)  governs  the  extension, 
width-length  flexure  and  width-shear  vibrations  and 
(12a, b)  governs  the  transverse  shear  and  width-twist 
vibrations.  The  corresponding  deformations  governed  by 
these  two  sets  of  equations  are  depicted  in  Fig.  2a  and 
2b  respectively. 

Effect  of  Electrode  Plating 


where  R  =  (p'a1  +  p"a")/pa  is  the  ratio  of  the  mass  of 
the  platings  per  unit  area  to  the  mass  of  crystal  plate 
per  unit  area.  It  can  be  seen  that  in  case  the  thick¬ 
nesses  of  the  platings  are  extremely  small  as  compared 
to  the  thickness  of  the  plate,  i.e.  a'/a«  I,  and 
a"/a*<  1,  the  contribution  to  the  stresses  due  to  the 
platings  can  be  neglected.  In  the  same  manner,  similar 
results  can  be  obtained  for  the  other  governing  equa¬ 
tions.  Therefore  the  effect  of  platings  is  to  increase 
all  the  inertia  terms  in  (5)  by  a  factor  of  I  +  R. 


If  there  are  thin  metallic  electrodes  on  the  faces 
Xi  •  t  »,  the  mechanical  effect  of  the  plating  should  be 

7  8 

incorporated  into  the  plate  equations  (|l)  and  (12).''° 
Let  upper  and  lower  platings  have  thicknesses  2a1  and 
2a"  and  densities  p'  and  p"  respectively  as  shown  in 
Fog.  3.  The  stress  equations  of  motion  for  the  platings 
have  the  same  form  as  those  for  the  plate  (5)  and  (6). 
For  upper  plating  , 
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where 
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(15) 


An  identical  set  of  equations  holds  for  lower  plating 
except  that  primes  are  replaced  by  double  primes. 

The  continuity  conditions  of  stress  and  displace¬ 
ment  at  the  interfaces  require  that 

Tff  (-a1)  =  tJ?>  (a),  t|;>V)  «t|;>  (-a), 


(n) 1  (n)"  (n) 

v  ay  ay', 

J  J  j 
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n  =  0, I,  j  =  1,2,3 


To  avoid  repetition,  the  following  derivations  arc  re¬ 
stricted  to  only  one  of  a  set  of  governing  equations  for 
plated  crystal  plates,  since  the  remaining  can  be  ob¬ 
tained  in  the  same  manner.  The  stress  resultant  in  the 
xj  direction  acting  on  the  faces  of  the  crystal  plate 
with  platings  is  defined  as 


"‘o)  4a  LT!r  <a,>  -  r<r  (-*••)  i 


07) 


By  using  the  definitions  (6),  (15)  and  the  stress  conti¬ 
nuity  conditions  given  in  (  16),  the  above  can  be  ex¬ 
pressed  as: 

«(°)  -„<0)  r  —  H{°> '  +  —  h[°) 

I  I  a  I  cl  (18) 

Substitution  of  the  corresponding  stress  equations  of 
motion  for  upper  and  lower  platings  into  the  last  two 
terms  of  the  right  hand  side  of  (18),  and  use  of  the 
displacement  continuity  conditions  given  in  (16) 
results  in: 

h<0).  «f  + 1  (a.  of;;;  ♦ >>';>  - 

a2vf°) 

“  ‘ 

Further  substitution  of  (19)  into  the  first  equation  of 
(5),  yields  one  of  the  stress  equations  of  motion  for 
plated  crystal  plates: 
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Ex tens ion-F I exu re- Shear  Vibrations 

In  the  present  section,  the  free,  coupled  vibra¬ 
tions  of  extension,  width-length  flexure  and  width-shear 
of  a  crystal  plate  with  symmetric  platings  at  xj  =  +a 
will  be  studied  (Fig.  I).  The  free-edge  conditions  at 
x2  =  lb  have  been  accounted  for  in  (I)  while  the  free- 
face  conditions  can  be  satisfied  by  setting  I ffr 
for  n  =  0^1.  To  satisfy  free-edge  conditions  at 
Xj  =  +c,  one  requires 


l(n)«  0, 


,(0) 

'33 


3“+c 


,<°> 

32 


3=+c 


,<■> 

33 


(21) 
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The  appropriate  form  of  solution  for  (lib)  in  case 
an  alternating  and  uniform  electric  field  is  impressed 
over  the  electrode  platings  can  be  written  as: 

,.(°)=  b  A.®,  sin  C.x-e-’11'1 
i  =  i  i  1 1  i  3 
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where  >u  is  the  circular  frequency  and  J|,  £2  on<1  »3  are 
wave  numbers  for  modes  predominant  in  flexure,  extension 
and  width-shear,  respectively.  The  dimensionless  fre¬ 
quency  and  wave  numbers  are  defined  by: 
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and  they  are  related  by  the  dispersion  relation: 
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The  roots  of  (2b)  or  the  dispersion  curves  aie  shown  in 
Fig.  b.  For  (22)  to  be  the  solution  of  (lib),  the 
amplitude  ratios  have  to  satisfy 
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Substituting  of  (22)  into  the  stress-strain  relation 
(11a)  and  imposing  boundary  conditions  (21), .one  obtains 
a  set  of  three  homogeneous  algebraic  equations  which 
govern  the  amolitudes  A;.  For  these  equations  to  have 
non-trivia)  solutions,  the  determinant  of  the  coeffi¬ 
cients  must  vanish,  i.e. 

Jb. j|  -  0,  for  i, j  =  1,2,3  (27) 


bli  *  #•!«»*«,  t>>  b2i  "  aicos^i  f)»  b3i  =  C, 

(5,  > 

Mi  "£34  +  <«,,  +  =33  «2i)  C,,  -  '  +  (28) 

(rtj  i  +  <*2.)  £.  •  '  "  1,2,3. 

Equation  (27)  represents  a  functional  relation 
between  the  resonant  frequency,  Cl,  the  width-to-length 
ratio  of  the  plate,  b/c,  and  the  mass  ratio,  R,  and  is 
the  frequency  equation  for  the  present  problem. 

It  can  be  seen  from  Fig.  4  that  all  wave  numbers, 
£j,  are  real  when  0>  I  and  J),  £2  are  reai  and  £3  's 

imaginary  for  Cl<  1.  In  order  to  have  a  real  equation 
corresponding  to  (27)  for  0  <  0<  I,  one  may  replace  in 
(22),  sin  £3X3  by  sinh  £3X3  and  cos  £3X3  by  cosh  £3X3. 

all  the  results  from  (23)  to  (28)  remain  identical 
except 


«, 3  ■  -C3  C3  d  +  (?33 


-  S^)  £2]/0 3,  «23=  -3£3  (V0y 


°3  "  (C3 


3  d)  (?33  £3 


cosh  (£3  ^),  b23 


c34  ^3  ’ 


”  cosh  (£  £), 


b33  .  -£3  sinh  (£3  |).  (30) 


width-shear  modes  while  the  numeral  "n"  proceeding  the 
letter  indicates  the  n  th  mode  of  a  particular  type. 

The  dots  represent  the  experimental  data  obtained  by 
Hiss  0.  H.  Spears  **  for  the  +5°  X-cut,  oua'tz  plates. 

The  same  theoretical  and  experimental  resu  ts  are  also 
plotted  in  Oc/b  and  b/c  coordinates  in  Fig.  6  since 
this  way  of  presenting  the  data  has  often  been  used  by 
previous  investigators.  I ' >2 

Algebraic  Formulas 

As  may  be  seen  from  the  results  shown  in  Fig.  5  or 
Fib.  6,  the  dispersion  relation  (24)  and  f-equency  equa¬ 
tion  (27)  are  very  accurate  in  predicting  .he  intricate 
behavior  of  the  frequency  spectrum,  for  they  have  ac¬ 
counted  for  the  mechanical  coupling  of  the  predominant 
modes  In  this  range  of  frequency.  However  for  use  in 
design,  simple  algebraic  formulas  for  pred  cting  exten- 
sional  and  flexural  frequencies  separately  are  desirable. 
To  achieve  this  object,  the  coupled  equations  of  motion 
(lla,b)  arc  uncoupled  into  extensional  and  flexural 
equations  as  follows: 


(0) 

c33  v3,33 


.  (0)  +  _3p_  __2 

2’”33  v33b2  »t2 


» 4 


—  «  0  , 


Resonant  Frequencies 


a  0)  .  .  ?±1  v  *  v<0)  _(o)  _  .  2  3  ■■  v(o) 

33  3  '33  2,33,  33  ‘  3  v33v2,333  - 

Eouations  (31)  are  obtained  from  (lla.b)  bv  neglecting 
the  coupling  terms  associated  with  031,,  while  (32)  arc 
obtained  by  a  similar  procedure  used  by  Mirdlin  and 
ForrayJ2  of  course  (31)  and  (32)  are  the  rlassical 
equations  for  longitudinal  bars  and  flexural  beams 
respectively. 

The  roots  of  the  t requence  equation  for  (31)  for 
bars  with  tree  ends  at  X3  »  +c  are:1 3 

c  .  nn  mi 


For  a  +5°  X-cut,  quartz  plate  as  shown  in  Fig.  I, 
the  xpaxis  coincides  with  1 -.c  of  the  diagonal  axes  of 
the  quartz  and  the  X2*axis  makes  an  angle  of  +5°  witn 
the  trigonal  axis.  The  values  of  (rotated)  elastic 
stiffnesses  with  respect  to  the  xj  axes  of  the  plate  are 
obtained  from  Bechmann's  value3  with  the  slight  modifi¬ 
cation  by  R.T,  Smith'0  and  are  given  in  lo'0  Newtons  per 
squaie  meter  as  follows: 


cll 

»  8,674 

CI2 

=  1.495 

CI3  " 

0.381 

CI4 

■  1.721 

c22 

-10.738 

C23 

=  0.835 

c24  = 

0.134 

c33 

»  9.351 

C34 

vO 

O 

M 

1 

n 

c44 

=  5.694 

c55  ' 

3.694 

c56 

*  1.609 

c66 

=  6.087 

and 

CI5 

"  CI6  “  5 

:25  ° 

C26  ”  c35 

’  c36 

‘  c45  ' 

‘  c46 

=  0. 

Therefore  c.j  exhibits  monoclinic  symmetry.  The  resonant 

frequencies  of  the  roots  of  (27)  are  computed  for  a 
range  of  values  of  c/b  while  the  width  of  the  plate  (2b) 
and  the  mass  of  electrode  platings  (R*0,57)  are  kept  at 
constant  values.  The  result  Is  plotted  as  shown  in  Fig, 
5  In  which  the  letters  E,  F,  and  WS  Indicate  respec¬ 
tively  the  portion  of  the  frequency  branches  corres¬ 
ponding  to  predominantly  extensional,  flexural,  and 


where  n  1,3,5,...  for  antisymmetric  modes  and  n  r  2, 
4.6....  for  symmetric  modes  in  x,.  Insteac  of  using  the 
dispersion  relation  a  ...  J  obtained  from  (311, 

O.  (f)  '  r 

the  coupled  E  -  WS  dispersion  relation  from  (24)  Is  used. 
This  relation  Is  obtained  by  dropping  all  a?;  terms  in 
-2  *> 

(2*0,  and  for  C  <  I,  fT  ^  I,  it  reduces  approximately  to 
c,,  -  c„2  1/2  , 

17=  l  •  (34) 

Substituting  (3*0  into  (33),  one  obtains 
a  a2  .  .. 

o  -  "  (r33  '  c34:  I,  .  (35) 

u  2  '  3  '  c 

or  in  dimensional  foni>,  with  f  *■  a'2  and  R  &  0 

.v  •  2  4 

f  '  Vc  (35)' 

Equation  (35)  agrees  with  the  usal  form  of  extensional 
frequency  formula11  except  that  the  coupling  effect 

*2 

through  is  included  in  'he  term  Cj^/c^. 

Ths  frequency  equation  for  flexural  equations  (32) 
with  free  end  conditions  x^  =  t  c  is'3 
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tan  Cf  “  i  tanh  j  (36) 

The  roots  of  the  above  transcendental  equations  are 
approximated  by 

C  -  |  (n  +  1/2)  |  (37) 

where  n  «•  l,3>5>...  for  symmetric  modes  and  n  =  2,6,6.. 
for  antisymmetric  modes  in  xj,  Here  again  the  coupled 
F  -  WS  dispersion  relation  is  used.  It  is  obtained 
from  (24)  by  dropping  all  a^  terms,  and  reduces,  for 

fi<  Q  and  fl2 3  <  I,  to: 


0- 


jL 


(l  +  c2)l/2 


(38) 


Substituting  (37)  Into  (38)  one  obtains  a  frequency 
formula  in  terms  of  b/c.  In  dimensional  form  and  for 
R  4 5  0,  it  can  be  written: 


f 


(n  -f  1/2) 2  b/c2 _ 

[I  +  (§)2(n  +  l/2)2(b/c)2],/2 


(38)  * 


Comparing  the  above  with  R.  A.  Sykes'  experimental 
formula  for  flexural  frequencies:'** 


f 


,n  +  0.5. 


b_ 

2 

c 


(39) 


where  K  is  a  coefficient  determined  experimentally  and 
its  value  depends  on  n  and  b/c,  one  secs  that 


K  « 


Cl  +  (f)2(n  +  |)2(^)2]l/2 


(40) 


The  frequencies  calculated  by  (35)  and  (38)  are 
compared  with  results  from  the  coupled  equation  (27) 
as  shown  in  Fig.  7.  It  can  be  seen  that  these  formulas 
give  good  predictions  for  0<  I.  As  has  been  shown  by 
Onoc  and  Jumonji,"*  the  calculated  frequencies  based  on 
classical  flexural  beam  theory  are  too  high  as  compared 
to  the  observed  values,  even  when  the  rotatory  in- 
crtia*3  or  both  rotatory  and  lateral  inertia  arc  taken 
into  account.'  The  reason  for  (35)  and  (38)  giving  a 
more  accurate  prediction  is  that  the  effect  due  to  the 
width-shear  deformation  has  been  taken  into  account 
through  the  dispersion  relations  (34)  and  (38). 
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Crystal 


Fig,  3  -  Crystal  plate  with 
electrode  platings. 


Fig,  5  -  Comparison  of  calculated  and 
measured  frequencies  of  extension, 
flexure,  and  width-shear  vibration 
in  a  rectangular  +5°  X-cut  quartz 


6  -  Comparison  of  calculated  and  measured 
resonant  frequencies  of  extension,  flexure, 
and  width-shear  vibration  in  a  rectangular 
+5°  X-cut  quartz  plate. 


Fig.  7  -  Comparison  of  frequencies 
calculated  by  equations  (35)  and 
(38)  (solid  lines)  to  those  com¬ 
puted  from  coupled  equation  (27) 
(dashed  lines) . 
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The  Hell  Telephone  Syateir.  i  a  actively  engaged  In  the 
development  of  nn  Integrated,  nationwide  digital  trani- 
mlatilon  network.  The  last  decade  aaw  the  Introduction 
of  the  first  membor  of  the  digital  network  ~  the 
widely  acclaimed  T1  trantiMsolon  oystem.  The  T1  carrier 
nyatera  provides  short  haul  transmission  of  twenty-four 
digitally  encoded  voice  channels  on  paired  cable. 

Since  Its  Inception,  over  five  million  voice  channel 
miles  of  T1  have  been  installed  In  the  telephone  plant. 
An  a  reault  of  this  auccesn,  the  Bell  System  Is 
currently  developing  a  vivle  hierarchy  of  digital 
tranooloalon  facilities,  ranging  In  scope  from  several 
kb/o  customer  data  llnka  to  several  hundred  Mb/s 
coaxial  cable,  radio  and  millimeter  waveguide  systems. 

Digital  transmission  Is  cnaracterlzed  by  three  basic 
operations,  first,  sampling  and  coding  Is  the  method 
by  which  Incoming  analog  rslgnols  are  converted  into  a 
Term  appropriate  for  transmission  on  digital  facilities. 
Second,  time  division  multiplexing  Is  a  technique  used 
to  combine  digital  signal;  from  n  variety  of  sources 
into  a  single  higher  speed  pulse  strewn,  finally, 
regeneration  Is  the  process  used  to  reconstruct  a 
digital  signal  at  regulur  Intervals  along  a  digital 
trannra! salon  line.  After  a  brief  discussion  of  each 
of  these  operations  vo  will  consider  the  specific  role 
or  quart z  cryntols  in  the  evolving  digital  network. 

Sampling  and  coding  arc  the  two  processes  which  are 
used  to  convert  analog  signals  such  a*  epeech  or 
television  into  digital  form.  The  etepa  associated 
with  this  conversion  arc  illustrated  in  figure  1.  We 
begin  by  bond!  1ml ting  the  analog  signal  by  passing  it 
through  a  low  pass  filter.  Then  we  aample  the  continu¬ 
ous;  signal  at  discrete  time  Intervals.  If  these  samples 
arc  taken  at  regular  Interval*  and  at'  twice  the  highest 
frequency  component  found  In  the  signal,  then  all  of 
the  Information  In  the  mcsrsge  Is  contained  In  theae 
samples.  In  particular,  if  the  samples  are  posted 
•hr>vh  an  Interpolation  filter,  the  original  metaage 
will  be  recovered.  This  basic  principle  Is  known  as 
the  sampling  theorem  and  the  samples  are  generally 
called  PAM  p'llscs,  standing  for  Pulse  Amplitude  Modu¬ 
lation.  We  have  no  desire,  however,  to  transmit  the 
PAX  pulse*  because  we  would  have  to  maintain  their 
exact  amplitudes.  Instead  we  perform  analog  to  digital 
conversion  by  encoding  the  amplitude  of  each  sample 
Into  a  binary  word  of  or,- n  and  zeros.  This  Is  known 
PCM  or  Pulae  Code  Modulation.  Of  course,  the  length 
of  this  word  determines  how  faithfully  we  con  represent 
the  amplitude  of  etch  sample.  The  process  of  repre¬ 
senting  a  continuum  of  values  with  a  discrete  number 
of  levels  is  known  as  quantizing.  The  error  Introduce! 
in  the  troeess  Is  known  as  quantizing  distortion  and  Is 
a  fundamental  signal  Impairment  In  digital  transmission. 

In  addition  to  digital  t-rminals  which  convert  analog 
signals  into  digital  form,  a  eomplste  digital  network 
requires  time  division  multiplexing  to  Interfere 
betw«en  transmission  facilities  which  transmit  digital 
signals  at  different  ra'-s.  The  basic  structure  of  a 
multiplexer  and  its  companion  demultiplexer  is  Illus¬ 
trated  in  figure  2.  The  multiplexer  simply  cosfclnts 


several  pulse  streams  Into  s  single  higher  speed  bit 
stream  while  the  demultiplexer  performs  the  opposite 
task  by  separating  the  single  high  speed  streea  Into 
Its  original  component  parts. 

In  order  to  interleave  these  bit  etreeme,  the  incoming 
signal*  must  be  synchronous.  In  the  evolving  digital 
network,  however,  the  high  speed  digital  signals  will 
not  be  synchronized  and  thus  a  technique  1*  required 
to  make  then  appear  synchronous.'  This  technique  Is 
known  as  pulse  stuffing  synchronization.  The  basic 
concept  requires  that  the  output  rate  of  the  multiplexer 
be  slightly  groater  than  the  sum  of  all  the  Incoming 
rates.  Additional  pulses  are  then  added  tc  each  of  the 
input  streams  so  that  the  resulting  average  pulse  rate 
becomes  Identical  to  some  fixed  frequency  generated  by 
a  crystal  clock  within  the  multiplexer.  The  addition 
and  removal  of  theae  extra  stuffing  p-tlses  Is  accom¬ 
pli  nhed  with  elastic  stores.  These  are  tlrply  buffer 
memories,  typically  storing  several  bit*  ot  Information. 
The  READ  and  WRITE  clock*  of  these  stores  are  Indepen¬ 
dent.  In  the  multiplexer  the  Information  tlta  are 
written  Into  the  synchronizer  elastic  store  under  the 
control  of  a  clock  extracted  from  the  Incosing  signal. 
Thl.t  Information  is  then  read  out  from  the  store  at  a 
slightly  higher  rate,  under  the  cvitrol  of  the  local 
crystal  clock.  A  comparator  circuit  mon iters  the 
number  of  bits  stored  in  memory.  Whenever  the  storage 
nears  depletion,  the  cooparator  demands  that  a  atuff  or 
gap  be  placed  in  the  READ  clock.  Cf  course,  the  loca¬ 
tion  of  this  stuff  or  gap  must  be  signaled  to  the 
demultiplexer.  This  is  normally  accomplished  over  a 
common  data  channel  which  Is  multiplexed  along  vlth  the 
data  into  the  output  bit  stream.  The  receipt  of  the 
synchronization  Information  In  the  demultiplexer  permits 
the  stuffing  gape  to  be  removed  from  each  channel.  The 
deatuffed  signal*  are  then  identical  to  the  original 
multiplex  inputs  except  for  the  presence  of  timing 
Jitter.  To  remove  this  Jitter  the  signals  are  delivered 
to  n  desynch ran Iter  elastic  store  vbose  READ  clock  has 
a  frequency  which  is  the  average  of  the  Jittered  WRITE 
clock.  The  smooth  READ  clock  Is  provided  ty  a  voltage 
controlled  oscillator,  often  a  crystal  oscillator, 
contained  In  a  phase-locked  loop.  The  loop  Is  required 
In  order  to  slave  the  smooth  output  clock  to  the 
Jittered  Input  clock. 

In  addition  to  synchronization  information  which  Indi¬ 
cates  the  location  of  the  stuffed  time  alots  for  each 
channel.  It  is  also  necessary  to  transmit  s  framing 
signal  so  thst  the  Information  may  be  properly  demulti¬ 
plexed.  Tor  this  purpose  a  unique  code  pattern  Is 
multiplexed  along  with  the  data.  Once  the  position  of 
this  unique  pattern  within  the  puls*  stream  baa  been 
Identified  by  the  demultiplex  circuitry,  the  individual 
channels  may  be  properly  sorted. 

The  real  payoff  In  digital  tranafelseloa  Is  the  ability 
to  re  eon  struct  a  digital  waveform  Which  has  suffer*! 
frequency  dispersion  and  the  Impairment  of  additive 
noise.  This  reconstruction  process  is  known  a*  rrger.- 
eratlon  and  It  Is  performed  at  regular  Intervals  along 
a  digital  transmlerlcm  route.  The  basic  functions 
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associated  vlth  •  rsgcnsrat  ive  repeater  are  shown  In 
3.  Tk;se  function*  ire  ampll Mention  and 
equalization,  timing  extraction,  and  soxtpllng  and 
regeneration.  The  amplifier-equalizer  circuit  reshapes 
the  incoming  pula#  waveform  nnd  restore*  Its  amplitude 
ro  that  a  pulse-no  puls*  decision  can  be  made.  Olnc* 
transmission  through  a  length  of  cable  results  In 
severe  attenuation  of  the  high  frequency  content  of  u 
pulse  waveform,  the  equalization  circuit  must  In  effect 
boost  the  relative  amplitude  of  the  high  frequency  com¬ 
ponents  In  order  to  compensate  for  the  distortion 
Introduced  by  the  transmit  ion  medium.  In  practice,  a 
single  pulse  may  be  spread  over  as  many  aa  thirty  1 1  me 
slota  and  thus  the  equalizer  performs  an  ertrestely 
important  function  In  reshaping  a  pulss  ao  that  It  la 
spread  over  few  enough  time  slots  to  permit  regenera¬ 
tion.  Some  spillover  does  exist,  however,  and  It  is 
referred  to  as  Intersymbol  Interference. 

Following  equalization,  a  timing  circuit  In  the  repeater 
extracts  a  clock  signal  from  the  data  stream  so  that 
the  equalized  pulee  train  ran  be  sampled  and  subse¬ 
quently  regenerated.  This  operation  la  normally 
performed  with  a  high  Q  circuit  which  extracts  a 
sinusoidal  component  at  the  timing  frequency.  This 
component  Is  then  employed  to  generate  extremely  narrow 
sampling  pulses  which  arc  uned  to  Interrogate  the  data. 
In  some  repeaters  a  monolithic  crystal  filter  is  used 
for  timing  extraction;  in  others,  a  phase-locked  loop 
is  often  employed  with  ri  voltage-controlled  crystal 
oscillator. 

The  function  of  the  regenerator  Itself  la  to  reconstruct 
the  received  pulse  train.  Thin  In  accomplished  by 
sampling  the  amplifier-equalizer  output  with  the  narrow 
pulses  provided  by  the  timing  circuit.  When  the 
amplitude  of  a  sample  exceeds  a  npecifled  threshold  or 
decision  level,  the  regenerator  produces  nn  output 
pulse  of  prescribed  umplitudc  nnd  width ;  when  the 
sample  amplitude  In  below  the  threshold,  no  output  ir 
provided. 

In  practice,  a  regenerator  output  la  never  an  exact 
replica  of  the  transmitted  puls*  train.  The  presence 
of  interference  on  the  signal  at  the  lnntruit  of 
regeneration  can  result  In  or.  Incorrect  decision  nnd 
thus  a  digital  error.  Moreover,  phase  .litter  Is  intro¬ 
duced  on  the  output  due  to  imperfect  tlnlng  extraction. 
Thus  In  a  long  repeatered  span  both  digital  errors  and 
timing  Jitter  will  accumulate.  These  effects,  however, 
are  quite  small. 

The  basic  functions  Illustrated  In  Figure  3  are  common 
to  nil  regenerative  repealers.  In  addition,  automatic 
gain  control  and  adaptive  equalization  arc  often 
employed  and  the  transmitted  signal  usually  contains 
three  or  more  levels.  All  of  this  Implies  a  more 
complicated  repeater. 

How  that  w*  understand  the  basic  operation*  onsoclsted 
with  digital  transmission,  it  Is  natural  to  ask  Just 
what  «r*  Its  advontagss  over  conventional  analog  trans¬ 
mission.  Flrat,  the  availability  of  silicon  integrated 
circuits  permits  us  to  build  very  lnsxpenslve  terminals, 
both  coder*  and  multiplexers.  This  contrasts  with  the 
very  expensive  and  bulky  filters  associated  with  FDM 
or  Frequency  Division  Multiplexing.  Second,  we  require 
only  a  very  simple  repeater  plan,  whereas  analog  systems 
require  a  family  of  repea' era  differing  in  their 
equalisation  capability ,  Third,  through  the  us*  of 
varlottt  coder*  and  a  hierarchy  of  digital  multiplexers, 
we  cm  Intermix  all  kinds  of  signal  types  for  trans¬ 
mission  on  a  single  digital  facility.  Fourth,  there 
exists  an  obvious  advantage  In  handling  steals  which 
are  already  In  digital  form,  such  as  data  or  encrypted 
speech.  Fifth,  there  Is  direct  compatibility  vlth  a 


switched  digital  network.  And  in  thle  decede  we  wlil 
see  the  edvent  of  Use  division  electronic  switching 
systems.  Finally,  and  pvrhaps  most  Importantly,  once  a 
signal  has  been  placed  In  digital  form,  It  is  virtually 
Insensitive  to  my  further  degradation  dur.og  Its  lour 
throu,T>»  tha  digital  network. 

A  portion  of  the  digital  hierarchy  planned  by  tli*  bell 
System  is  Illustrated  In  Figure  I*.  It  contain* 
terminals  for  coding  analog  source*  into  digital  signals, 
multiplexers  for  getting  from  on*  level  of  the  hierarchy 
to  the  next,  end  a  variety  of  digital  transmission 
facilities  for  carrying  these  signals.  Prismt  analog 
sources  include  normal  vole*  channels,  the  new  Bell 
System  PICTURKPHOHE®,  a  600  voice  channel  FDM  master¬ 
group,  and  finally  color  television.  The  source  of  the 
well  known  T1  signal  Is  a  Di  or  D?  channel  bank.  The 
D1  channel  bank  multiplexes  2k  voice  channtls  and  con¬ 
verts  them  Into  digital  form.  Installation  began  in 
1962  and  there  are  presently  over  sixty  thousand  banks 
In  the  field.  Each  unit  contains  a  1.5UU  MHz  crystal 
and  that  adds  up  to  a  lot  of  crystals.  The  V>  channel 
bank  entered  the  field  lost  year  with  more  than  two 
thousand  banks  Installed.  It  multiplexes  ind  converts 
,0  voice  channels  Into  four  T1  type  signals.  Each  of 
these  units  incorporates  a  6.176  MHz  crystal  as  a 
system  clock.  At  the  next  level  of  the  hierarch/  we 
find  a  visual  telephone  terminal  for  converting  the 
PICTlfREPHONE  signal.  Into  a  T2  digital  pulse  stream. 

This  coder  employs  a  fundamental  crystal  operating  at 
the  T2  line  frequency  of  6.312  KHz.  And,  of  course,  «» 
PICTUHEPHOKE  service  grows,  a  fantastic  number  of 
crystals  will  be  required  for  this  application.  At  the 
T3  level  of  the  hierarchy  ve  find  two  additional  coders, 
one  for  the  600  voice  channel  PDM  mastergroup  and  the 
other  for  commercial  color  television.  Both  or  these 
coder*  will  employ  a  third  overtone  1*6.3  Kir  crystal  In 
their  system  clocks. 

Moving  on  to  consider  the  multiplexers,  we  find  the 
Ml?,  which  combines  four  T1  signals  into  a  T2  signal. 
Each  M12  multiplexer  uses  a  6.312  Mlz  crystal  In  lla 
system  clock.  At  the  next  level  wc  find  the  *03, 
which  combines  seven  T2  signals  Into  a  T3  raise  stream. 
The  V23  multiplexer  contains  a  1*6.3  MHz  third  overtone 
cryolnl  for  its  system  clock.  At  the  rece.ving  end, 
the  corresponding  K23  demultiplexer  will  employ  seven 
crystals  In  the  voltage  controlled  oscillators  found 
In  the  channel  desynehronizers.  These  wll.  be 
5.112  KHz  fundamental  units.  Above  the  T3  level,  we 
presently  have  In  development  M3k  and  Mk5  multiplexers . 
The  M31*  will  combine  six  73  algnals  Into  a  282  Kb/s 
Tb  *tc,naJ  ,  while  the  Kiij  will  eonblne  two  ?•*  signals 
Into  n  four  level  561*  Mb/n  signal,  fifth  overtone 
crystals  In  combination  with  frequency  doubler*  will 
most  likely  make  up  the  system  clocks  for  both  the  XJ** 
and  Ml*5  transmitting  terminals.  In  the  M31-  demulti¬ 
plexers,  1*6.3  Wz  fundamental  crystals  may  be  employed 
In  the  voltage  controlled  oscillators  Mso-iatci  with 
each  of  the  channel  desynehronizers. 

Qunrls  crystals  find  application  not  only  :r.  it*  digital 
terminals  but  in  the  transmission  facilltU*  as  well. 
The  lisle  digital  raellliy  Is  th#  71  carrier  system 
which  operates  on  paired  cable  at  l.skk  Mb.  s.  Digital 
repeaters  are  located  at  one  mil*  Interval'  with 
typical  lengths  ranging  from  10  tc  2*  mile.-  .  In  1972 
the  T?  transmission  system  will  become  available, 
transmitting  6.312  Kb/s  owr  paired  cable.  Using  a  new 
low  capacitance  cable,  repealer*  will  b*  1  -  rated  about 
every  thr«e  miles  with  typical  lengths  ran*  lug  rroir,  50 
to  200  miles.  Each  of  these  repeaters  will  use  an  AT 
cut  swnollthic  crystal  filter  as  a  mean#  of  extractlns 
a  timing  wave  from  the  transmitted  signal.  Two  other 
feel  lilies  will  carry  T2  type  signal*,  in  imrtlcular, 
digits  on  LW  mastergroup  and  digits  on  microwave  radio. 
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Thei*  ix.r.itig  analog  faeilltias  will  b*  uaad  to  allow 
rapid  growth  of  a  eotuiactad  national  da  digital  natwork 
to  permit  Iwwdlata  data  tranaaiaakn  and  flCTURXPHONK 
aorrlca.  Th#  taminala  aaaoeiatad  with  thaaa 
facili tl#»  will  of  couraa  raqulra  crystal  clocks. 

At  tha  naxt  lrval  of  tha  hlararohy,  known  aa  T3,  thara 
ara  no  praaant  plana  for  a  tranaaisslon  facility. 
Nonathalass  thara  will  axlat  an  intrabulldlng  link  at 
this  rata  with  a  1*6.301*  MH*  fundamental  AT  cut  Mono¬ 
lithic  cryatal  filter  uaod  for  timing  extraction  at  tha 
receiving  end.  Above  the  T3  level,  digital  radio  and 
tha  millimeter  waveguide  ay  item  win  moat  likely  carry 
28?  Mb/a  Th  algnala.  Tha  waveguide  facility  will 
aloultaneoualy  carry  60  Tl*  channel* .  Implying  a  capacity 
of  almoat  a  quarter  of  a  Million  volco  channel*.  Alao 
In  development  la  a  T9  coaxial  ayatem  carrying  a  four 
level  561*  Mb/a  pula*  atream.  The  repeater*  In  all  of 
theae  high  apeed  ayatama  will  probably  employ  pheet- 
locked  loop*  for  timing  extraction  purpose#  and  each 
of  theae  loop*  will  uae  quart*  crystal*  In  voltage 
controlled  oscillators. 

Perhaps  th*  most  exciting  application  of  quart* 
crystals  Is  found  In  the  evolving  fully-aynchronoua 
digital  data  system.  The  realUatlon  of  a  aynchronoua 
system  call*  for  the  Installation  of  ultra-stable 
crystal  oscillators  in  cities  throughout  th*  country. 

Tho  digital  data  aystom  vlll  require  synchronisation 
at  the  Tl  level.  Data  algnals  can  then  be  aynchronoualy 
multiplexed  up  to  this  level  aa  shown  in  Figure  5. 
Customer  data  rates  of  2.1»,  b.8,  or  9.6  kb/s  could  be 
combined  by  a  family  of  Multiplexers  Into  a  56  kb/a 
signal.  Tventy-threa  of  than*  56  hb/a  pulue  streaMi 
along  with  aoaa  houseketplng  Information,  could  be 
aynchronoualy  multiplexed  up  to  the  Tl  level.  Thus,  in 
effect,  each  56  kb/a  data  signal  would  diiplaca  one  of 
the  digitally  encoded  voice  channels  normally  associated 
with  the  Tl  ayatem. 

In  order  to  achieve  a  aynchronoua  data  network  we  first 
have  to  aynchronlte  all  of  th#  equipment  within  a 
single  office,  and  then  we  have  to  r.et  about  synchron¬ 
izing  all  the  offices  to  one  another.  In  order  to 
synchronize  the  equipment  within  an  office,  we  establish 
an  office  mister  clock,  All  system  clocks  within  that 
office  are  then  alaved  ‘c  this  office  master.  On  a 
larger  scale,  all  office  matter  clicks  are  then  syn¬ 
chronized  to  a  clock  chosen  as  a  system  master.  Theae 
clocks  would  be  phase  locked  to  the  master  by  means  of 
a  aynchron list  Ion  network  embedded  In  the  ayatem.  The 
phase-locked  loop#  would  cor.taln  memory,  so  that  in  the 
event  of  a  synchronization  outage,  the  oscillator 
control  signal  would  be  maintained  at  the  same  value 
that  axis  ted  at  th*  oneet  of  the  outage.  Thus,  In  order 


to  mtnlNiM  the  data  slip*  which  could  be  caused  by 
such  an  unsyncrhronl tad  clock,  we  require  the  use  of 
ultra-atable  cryatal  oscillator*. 

Let'*  look  at  thl*  In  *o*m  mo re  detail  by  considering  a 
hypothetical  network  as  shown  In  Figure  6.  Vo  am 
start  by  placing  a  systcM  Master  In  the  Middle  of  the 
country.  To  this  ve  Might  slave  the  regional  docks 
by  naans  of  a  linear  network,  from  each  regional 
center  ve  night  distribute  synchronisation  information 
In  star-like  fashion  to  th*  various  local  office*. 

A  major  drawback  In  a  aynchronoua  natwork  la  that  pro¬ 
vision  must  be  node  to  allow  th*  natwork  to  breathe  j 
that  la,  th#  propagation  delay  of  signals  through  the 
varloua  transmission  Media  will  vary  in  tine,  generally 
aa  a  result  of  temperature  variations.  To  seooiwndat# 
th#  possible  differential  delay  variations  between  the 
timing  signal  and  th#  data  stream,  v*  Must  incorporate 
buffer  Memories  or  clastic  stores  at  the  end  of  every 
data  link.  For  a  allp  free  nationwide  network  operating 
at  Tl  epeeds,  the*#  store*  become  quit#  large,  requiring 
dozens  of  meaory  cell*. 

Another  difficulty  associated  with  a  aynchronoua  network 
1*  th#  vulnerability  of  the  system  to  failures  In  th* 
transnlaalon  link*.  If  we  encounter  a  transmission 
outage  in  a  timing  link,  a  portion  of  th#  network 
becomes  isolated  from  th#  aysten  master.  For  tha  network 
shown  In  Figure  6,  th#  office  clock  In  any  node  which  la 
no  longer  receiving  timing  Information  aerveo  aa  a 
master  to  all  the  clock*  in  th#  isolated  subnetwork. 

Thus  thee#  subnetwork  clocks  *re  atlll  aynchronlted  to 
on#  another  and  only  traffic  between  tho  subnetwork  and 
tho  main  network  la  endangered.  It  lo  our  task  to 
ninimlce  thl*  danger. 

At  th#  Instant  an  outage  occurs,  the  frequency  of  a 
subnetwork  master  nay  be  offset  fron  the  system  Master 
due  to  error*  In  the  synchronisation  hardware  and  due  to 
the  presence  of  timing  Jitter  on  the  synchronisation 
signal.  Moreover  thl*  frequency  deviation  can  be 
subsequently  aggravated  by  oscillator  drift  aftar  th# 
disconnect.  The  frequency  offsets  dua  to  both  error* 
and  timing  Jitter  can  he  reduced  to  quite  acceptable 
level*  through  proper  design  of  the  phaae-locked  loop. 
And  thus,  with  the  Initial  frequency  orfaet  under 
control ,  we  need  only  concern  ourselves  with  th# 
frequency  stability  of  th#  free  running  oscillator. 

Using  existing  crystal  oscillator  technology,  v#  believe 
it  Is  possible  to  withstand  a  synebronixatien  outage  of 
several  days  without  causing  a  allp,  that  la,  without 
•pilling  the  elastic  store*  at  th#  end  of  th*  data 
links . 
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FREQUENCY  CONTROL  DEVICES  FOR  MOBILE  COMMUNICATIOS 


By 

R.  J.  Nunamaker 
Motorola,  Inc. 


This  paper  deals  with  the  Impact  of  the  frequency 
allocations  upon  the  two-way  communications  In¬ 
dustry  and  the  resulting  congestion  created  as  a 
result  of  this  spectrum  llmlation.  It  briefly 
delves  Into  the  changes  imposed  upon  the  two-way 
communlcar ' jns  supplier  In  both  equipment  and 
standards  to  cope  with  this  ever  growing  demand, 
and  the  role  that  quartz  crystal  and  the  many 
products  produced  from  quartz  has  played  In 
effectively  and  economically  aiding  the  designer 
In  making  these  changes. 

To  indicate  specific  applications  the  F.M.  two- 
\iy  common i  ition  receiver  and  transmitter  will 
he  analyzed  as  to  the  system  requirements  and 
the  problems  created  as  a  result  of  the  conges¬ 
tion  and  spectrum  limitation.  Those  problems 
welch  wore  capable  of  solution  through  the  use 
of  quartz  products  will  be  further  expanded, 
and  the  unique  manner  quartz  was  used  to  solve  the 
problems  clearly  demonstrated. 


Other  applications  to  be  highlighted  ’re  those 
used  In  single-sideband  systems.  It  will  be 
further  demonstrated  that  the  applications  of 
quartz  con  be  used  to  correct  related  single- 
sideband  problems. 
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THE  CRYSTAL-CONTROLLED  ELECTRONIC  WRISTWATCH 
SYSTEM:  A  SI-GATE  CMOS-MSI  APPROACH 


F.  H.  Musa  and  R.  G.  Daniels 
Motorola  Inc. 

Semiconductor  Products  Division 
Central  Research  Laboratories 
5005  E.  McDowell  Road 
Phoenix,  Arizona  85008 


Summary 

This  paper  describes  an  electronic  wrist- 
watch  system  which  utilizes  a  crystal-controll¬ 
ed  oscillator  for  a  time  base.  A  counter  di¬ 
vides  the  oscillator  frequency  down  by  a  factor 
of  216.  The  counter,  after  suitable  waveshap¬ 
ing,  would  drive  a  miniature  motor  to  turn  the 
watch  hands. 

A  monolithic  (MSI)  silicon-gate  CMOS  ap¬ 
proach  is  used  for  the  oscillator,  counter,  and 
waveshaplng  circuitry  to  achieve  low  voltage, 
low  power  operation.  A  square  wave  crystal- 
controlled  oscillator  circuit  is  employed  which 
is  relatively  insensitive  to  passive  component 
values  and  the  supply  voltage. 

The  electronics  portion  of  the  system  (os¬ 
cillator,  16  stage  cuunter  and  output  waveshap¬ 
ing)  is  realized  on  a  monolithic  82  •  94  mil 
chip.  Total  active  device  count  is  312.  Ex¬ 
cept  for  an  oscillator  trimming  capacitor,  the 
oscillator  passive  components  are  also  integra¬ 
ted.  Total  current  drain  for  the  electronics 
(MSI  chip)  is  less  than  A  ^A  with  a  1.3  V  batt¬ 
ery  and  a  32  KHz  crystal. 

Introduction 

The  block  diagram  for  a  crystal-controlled 
electronic  wristwatch  system  is  shown  in  Figure 
1.  The  oscillator  frequency  —  controlled  by  a 
quartz  crystal  --  establishes  a  time  base  £or 
the  watch.  This  frequency  (8  to  131  KHz)  is  re¬ 
duced  to  a  few  Hertz  by  the  counter.  The  coun¬ 
ter  output,  after  suitable  waveshaping  and  buf¬ 
fering,  drives  a  miniature  motor  which  turns 
the  watch  hands.  The  counter  output  frequency 
and  necessary  waveshaping  depend  upon  the  parti¬ 
cular  motor  and  gearing  arrangement  used. 

Figure  2  gives  typical  measured  battery 
data  tor  two  (wristwatch  size)  types  of  (1.6  V) 
silver  oxide  batteries.  The  same  data  Is  given 
in  Figure  3  for  two  types  of  (1.3  V)  mercu-y 
batteries.  Notice  that  the  voltage  vs.  time 
ci rves  are  very  flat  until  just  a  few  days  be¬ 
fore  total  discharge  --  for  all  four  batteries. 

The  low  voltage,  low  current  restrictions 
on  the  electronics  for  this  system  are  severe; 
in  addition,  minimum  size  and  low  cost  are  fac¬ 
tors  of  paramount  concern.  To  satisfy  these 
requirements  a  silicon-gate  CMOS  MSI  approach 
was  chosen. 

Using  silicon  for  the  MOS  device  gate  mat¬ 
erial  can  reduce  the  threshold  voltages  of  both 
n-  and  p-channel  devices  to  allow  operation 
from  a  single  cell  battery  and  also  reduces  the 
device  gate  to  drain  and  gate  to  source  capaci¬ 
tances  for  lower  dynamic  power  consumption.  The 


poly  silicon  gate  material  may  also  te  used  for 
cross-under  connections. 

The  fabrication  details  for  Si-gate  CMOS 
integrated  circuits  were  described  at  the  1970 
IEEE  International  Electron  Devices  Meeting1 
and  will  not  be  repeated  here.  However,  the 
structural  details  of  a  Si-gate  CMOS  IC  is  de¬ 
picted  in  Figure  4  for  reference.  Figure  5 
shows  typical  complementary  device  characteris¬ 
tics  realized  with  this  process.  Threshold  vol¬ 
tages  in  the  range  0.6  V  to  1.0  V  ari  typical 
for  both  P  and  N  channel  devices  on  the  same  IC 
chip. 

Quartz  Crystal 

The  time  accuracy  of  the  watch  rs  dependent 
on  the  accuracy  and  stability  of  the  oscillator 
frequency.  Since  a  quartz  crystal  can  ensure 
this  type  of  performance,  it  was  chosen  as  the 
frequency  controlling  element  in  the  oscillator 
(which  is  shown  schematically  in  Figure  6).  For 
minimum  crystal  size  the  crystal  frequency  must 
be  made  as  high  as  possible.  Power  dissipation 
in  CMOS  integrated  circuits  is  almost  linearly 
proportional  to  frequency,  therefore  for  exten¬ 
ded  battery  life  it  is  desirable  that  the  fre¬ 
quency  he  kept  as  small  as  possible.  It  was 
found  that  crystal  frequencies  in  the  (8  -  131) 
KHz  region  satisfy  both  of  these  requirements. 
The  NT  and  XY  type  crystals  cover  th.s  range  of 
frequency.  Figure  7  shows  a  photograph  of  a 
typical  NT  type  65.536  KHz  crystal  whose  dimen¬ 
sions  are  0.6  *  0.1  »  0.01  inches. 

Oscillator  Circuit 

Figure  6  shows  a  circuit  schematic  of  the 
crystal  controlled  oscillator.  It  consists  of 
a  CMOS  inverter,  two  capacitors,  one  resistor 
and  a  crystal.  This  circuit  configuration  was 
chosen  for  the  following  reasons:  1)  it  is 
amenable  to  monolithic  CMOS  integration  (with 
the  exception  of  the  crystal),  2)  it  operates 
from  very  low  dc  power  supply  (Vpp  f  1.3  V)  at 
very  low  current  drain,  3)  it  produces  a  square 
wave  output  whose  amplitude  is  VpD  o-  er  the  fre¬ 
quency  range  of  interest  for  all  reasonable 
values  of  C^  and  C2  (■‘.50  pf )  . 

Either  Cj  or  r 2  may  be  utilized  to  adjust 
for  exact  frequency  of  oscillation.  However, 
since  power  dissipation  in  a  CMOS  in/erter  is  a 
function  of  output  capacitance  and  a. most  inde¬ 
pendent  of  input  capacitance,  C^  is  utilized 
for  frequency  adjustments  while  C2  is  integrated 
at  a  fixed  value.  The  magnitude  of  -he  feedback 
resistance  (Re)  may  range  from  10  M-  to  several 
hundred  M..  without  affecting  the  oSwillator  per¬ 
formance  (1dd>  frequency)  appreciable.  Due  to 
this  insensitivity,  Rj  may  also  be  integrate  i. 
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Theory  of  Oscillator  Operation 

The  complementary  MOS  inverter  must  be  bi¬ 
ased  properly  so  that  enough  gain  is  available 
to  start  and”  to  sustain  oscillation.  This  can 
be  done  by  turning  either  the  n-channel,  the  p- 
channel,  or  both  MOSFETS  on.  It  is  mandatory, 
however,  that  both  the  n-  and  the  p-channel 
MOSFETS  turn  on  during  one  cycle.  (This  need 
not  take  place  simultaneously.)  DC  biasing  is 
achieved  as  follows:  Initially,  when  Vqd  is 
applied,  Vj.  and  Vo  (see  Figure  6)  are  set  to 
ground  potential  Because  Cl  and  C2  are  much 
larger  than  the  internal  MOSFET  capacitances. 

Ql,  therefore,  turns  on  and  Q2  remains  off. 
Current  flows  from  drain  to  source  in  the  p- 
channel  device  charging  capacitor  C2  and  finally 
bringing  V2  to  supply  voltage  potential,  at 
which  time  current  stops  flowing.  During  this 
transition  time,  Q£  might  have  enough  gain  to 
start  oscillation,  but  since  gm  drops  to  zero 
at  zero  current,  oscillations  might  not  continue 
due  to  the  relatively  short  transition  time.  At 
this  point,  Vo  is  equal  to  Vj)n,  and  Vj[  is  at 
ground  potential.  Current,  therefore,  flows 
through  Rf  which  charges  C£  slowly  (RfCi  =.1-25 
m  sec)  to  a  positive  potential.  When  Vi  exceeds 
the  threshold  voltage  of  Q2  this  transistor 
turns  on  and  current  flows  from  its  drain  to  its 
source  which  allows  C2  to  discharge  through  Q2, 
bringing  V2  toward  ground  potential.  This  es¬ 
tablishes  a  positive  potential  between  the  source 
and  the  drain  of  Qj.  V£  increases  toward  Vp^  at 
a  much  slower  rate  than  V2  decreases  toward 
ground.  If  Vdd  is  greater  than  Vfn  +  Vy 
(here,  Vy  is  defined  as  Che  gate  voltage  at 
which  the  channel  begins  to  conduct),  Qj  will 
eventually  turn  on  and  equilibrium  will  be  ach¬ 
ieved  when  both  Q£  and  Q2  have  equal  currents 
at  which  time  Vo  and  Vj,  will  be  equal.  Figure  8 
shows  how  Vj  and  V2  vary  from  the  time  VpD  is  ap¬ 
plied.  Oscillation  can  therefore  start  any  time 
after  ti  provided  that  the  CMOS  inverter  has 
enough  gain  to  start  and  to  sustain  oscillations. 
Figure  9  is  a  photograph  showing  the  biasing 
level  and  also  the  start  of  oscillation. 

Several  techniques  may  be  used  to  determine 
the  necessary  and  sufficient  conditions  to  ini¬ 
tiate  continued  stable  oscillations.  By  utili¬ 
zing  the  MOSFET  low-frequency  small  signal  equi¬ 
valent  circuit  shown  in  Figure  10,  the  oscilla¬ 
tor  circuit  shown  in  Figure  6  can  be  drawn  as 
shown  in  Figure  11.  The  short  circuit  admit¬ 
tance  (y)  parameters  for  this  circuit  are: 


and  the  circuit  determinant  *y  =  yi'X22  -  yoJ^l 
can  be  expressed  as  a  function  of  the  complex 
frequency  s  (s  =  n  +  jm) .  If  Ay  is  set  equal  to 
zero,  then  a  necessary  and  sufficient  condition 
for  oscillation  is  that  Ay  =  o  should  have  one 
pair  of  conjugate  roots  with  positive  real  com¬ 
ponents. 

0  >  0  (starting  condition  for  oscillation) 

id  =  frequency  of  oscillation  (in  radians/ 
sec). 

Only  one  such  pair  of  roots  should  exist  in  or¬ 
der  to  guarantee  only  one  frequency  of  oscilla¬ 
tion. 

Oscillator  Performance 

The  most  important  electrical  performance 
parameters  of  the  oscillator  are:  power  dissi¬ 
pation,  frequency  stability  with  temperature 
and  supply  voltage,  the  ability  to  remain  oper¬ 
ational  over  the  specified  temperature  range 
(typically  -20°C  to  +60°C) ,  and  the  ability  to 
start  over  a  reasonable  temperature  range  (10°C 
to  50°C) . 

Unless  otherwise  specified  all  data  were 
measured  utilizing  a  typical  32  KHz  xy-type 
crystal  whose  parameters  appear  in  Table  I. 

Also,  threshold  voltage  Vf  as  snown  in  Figures 
12,  15,  and  lb  is  defined  as  the  gate  voltage 
which  is  required  to  produce  a  5  channel 
current  when  the  drain  to  source  voltage  is 
1.5  volt. 
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Figure  12  shows  the  current  drain  of  a  32 
KHz  oscillator  operating  from  1.3  aid  1.6  volts 
vs.  the  sum  of  the  threshold  voltages  of  the  n- 
and  p-channel  devices. 

It  is  essential  that  the  electrical  per¬ 
formance  of  integrated  circuits  be  nade  as  in¬ 
sensitive  to  variations  in  the  integrated  com¬ 
ponents'  magnitudes  as  possible.  Figures  13 
and  14  show  how  current  drain  and  the  frequency 
of  oscillation  vary  with  the  feedback  resist¬ 
ance  Re.  It  is  apparent  from  these  two  figures 
that  the  performance  remains  almost  the  same  for 
20  -  Rf  s  1000  M„. 

Figure  15  shows  how  the  frequency  varies 
with  temperature  for  several  combinations  of  n- 
and  p-channei  threshold  voltages.  A f /f  values 
less  than  -50  ppm  were  typical  for  most  crystals 
(xy  cut)  tested  over  the  temperature  range  0  to 
50°C.  Figure  16  shows  that  the  frequency  of  os¬ 
cillation  may  be  adjusted  by  approximately  100 
ppm  by  varying  C£  from  10  to  50  pf.  Measure¬ 
ments  of  frequency  variations  with  voltage 
showed  that  the  frequency  changes  by  less  than 
2  ppm  as  VpD  varies  from  1.3  to  1.2  7  with  nomi¬ 
nal  input  and  output  capacitances  of  25  pf. 

This  frequency  drift  with  voltage  has  very 
little  effect  on  the  watch  time  accuracy  because 
the  batteries  discharge  totally  in  jjst  a  • ew 
days  after  their  voltage  begins  to  drop  rapidly 
(see  Figures  2  and  3).  A  frequency  drift  of 
5  ppsi  will  result  in  time  inaccuracy  ot  approxi¬ 
mately  13  sec/month. 
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Frequency  Divider 

The  frequency  divider  (or  counter)  for 
this  system  consists  of  a  cascade  of  (binary) 
toggle  flip-flops  each  of  which  divides  the  fre¬ 
quency  by  two  and  has  a  constant  power/frequency 
ratio  of  ~  25  nW/KHz  when  operated  from  1.3  - 
1.6  V  supply.  Figure  17  shows  the  total  current 
drain  vs.  the  input  frequency  for  a  Si-gate  CMOS 
IC  counter  at  1.6  and  1.3  volt  supplies.  (The 
maximum  input  frequency  at  1.3  V  is  about  1 
MHz.) 


IC  Chip 

Figure  18  is  a  die  photograph  of  a  Si-gate 
CMOS  electronic  wristwatch  IC.  The  size  of  this 
chip  is  82  x  94  mils;  the  total  active  device 
count  is  312.  The  oscillator  inverter,  output 
capacitance  («?  20  pf  -  MOS)  and  feedback  re¬ 
sistance  (<»  50  Ma)  are  integrated  on  the  chip. 

The  oscillator  input  capacitance  (frequency 
trimmer)  is  connected  externally.  The  frequency 
divider  consists  of  16  flip-flops.  The  outputs 
of  the  last  few  flip-flops  are  connected  to  two 
Nand  gates  to  produce  two  low  duty  cycle  pulses 
which  are  out  of  phase.  These  pulses  drive  the 
two  power  Inverter  buffers  (2  large  P  channel 
devices  and  2  large  N  channel  devices) .  The 
buffers  drive  the  motor.  Because  of  the  low 
duty  cycle,  the  average  motor  current  is  re¬ 
duced  to  an  acceptable  level.  The  total  current 
drain  for  this  IC  is  typically  less  than  4.0 
microamperes  with  a  “'.3  V  mercury  battery,  and 
a  crystal  with  characteristics  similar  to  those 
given  in  Table  I. 
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FREQUENCY  AND  TIME  IH  AIR  TRAFFIC  CONTROL 
AND  COLLISION  AVOIDANCE  APPLICATIONS 

Vernon  I.  Keihe 
Electronic  Systems  Consultant 


Introduction 


Precision  frequency  control  with  highly  stable 
clocks  plus  now  information  system  devices  will  be 
combined,  during  this  decade,  to  solve  a  number  of 
the  more  difficult  problems  of  Air  Navigation  and 
Traffic  Control.  Precision  control  already  has  been 
applied  to  the  routine  operation  of  several  ground 
based  aids  (Loran,  Decca,  and  Omega),  making  ground 
station  synchronization  less  dependent  on  the  stability 
and  continuity  of  radio  links  between  stations.  This 
application  will  be  covered  later  in  this  symposium. 

A  somewhat  more  recent  application  is  that  in  the 
Time/Frequency  Collision  Avoidance  System.*-  This 
system  has  been  developed  and  flight  tested  in  a  form 
which  specifies  a  minimum  acceptable  stability  of 
1  x  10"°,  and  a  clocking  accuracy  within  two  micro¬ 
seconds  of  the  master.  The  radio  frequency  and  the 
system  time  are  based  on  the  zero  magnetic  field 
cesium  atomic  resonance,  defined  as  9,192,631,770 
Hz. 2, 3, ^ 


The  Air  Traffic  Control  System  is  a  global  com¬ 
plex  composed  of  a  variety  of  communication,  naviga¬ 
tion,  radar  and  other  systems,  representing  many 
generations  of  hardware.  In  ccrnon  clvil/mllitary 
unrestricted  airspace  around  the  world,  the  system 
provides  a  traffic  separation  service  and  smooths 
traffic  flow  for  all  typos  of  aircraft.  Operating 
procedures  and  separation  criteria  for  the  global 
system  are  established  by  the  International  Civil 
Aviation  Organization.  These  are  upgraded  in  certain 
high  traffic  density  Stater,  to  suit  National  needs. 

The  ATC  system  slowly  evolves  under  the  diverse 
leadership  of  many  groups  within  Government  and  Indus¬ 
try.  At  no  time  is  there  a  universally  accepted  long 
term  master  plan.  The  system’s  great  size  and  com¬ 
plexity  leave  little  opportunity  for  major  changes  of 
a  revolutionary  nature.  Manpower  and  financial 
support  are  normally  lucking  to  achieve  speeded 
obsolescense  of  existing  avionics  and  ground  systems 
to  accommodate  rapid  introduction  of  the  radically 
new. 

Hence,  it  should  cone  as  no  surprise  that  few  of 
the  revolutionary  achievements  of  the  past  decude  have 
found  their  way  into  the  routine  operations  of  the 
system.  Gome  new  componentry  of  the  sixties  has  been 
asslmulated,  but  the  fundamental  system  organizational 
plans  and  configurations  in  concept  predate  the  Infor¬ 
mation  systems  era. 

Personnel  and  organizational  changes  have  been 
male  recently  which  appear  to  be  Improving  the  quality 
and  posture  of  ATC  systems  engineering  management. 


The  decade  of  the  seventies  under  this  new  leadership 
and  having  the  new  electronics  available  should  be  a 
period  of  exceptional  progress. 

The  ATC  system  should  be  undated  to  include: 

1.  Better  data  acquisition. 

2.  Increased  use  of  Information  Systems. 

3.  Adoption  of  a  data  link  system  to  augment 
voice  radio. 

U .  Implementation  of  Collision  Avoidance 
Avionics. 

5.  Expanded  use  of  Area  Navigation. 

6.  Application  of  satellites  and 

7.  Introduction  of  n  new  microwave  scanning 
beam  landing  guidance  system. 

In  all  of  these  systems  precise  frequency  control  has 
a  significant  role  to  play. 

ATC  Data  Acquisition 

Since  the  origin  of  air  traffic  control,  methods 
for  the  acquisition  of  data  on  aircraft  position, 
altitude  and  identity  have  always  been  weak.  It  is 
in  this  area  that  new  precise  frequency  control  tech¬ 
nology  may  make  its  greatest  contribution. 

Voice  position  reports  (at  times  over  ve:y  noisy 
radio  circuits) ,  ground  based  primary  radar  and  radar 
beacons  are  utilized.  All  of  these  have  major  defi¬ 
ciencies,  and  none  of  them  fits  well  into  a  global 
automated  system  concept. 

In  the  current  system  and  in  new  elements,  being 
readied  for  use,  inherently  low  oandwidth  functions 
are  being  accomplished  with  non-essential  intermediatc- 
h'lman  interfaces  and  with  surveillance,  rather  than 
control,  concepts  and  technology.  For  close-in  air 
terminal  regions  the  deficiencies  are  not  unacceptably 
severe  but  for  transition  and,  more  notably  in  the 
enroute  zone,  the  weaknesses  are  very  significant. 

In  the  high  altitude  enroute  zone,  surveillance 
type  automation  devices  are  inserted  between  the  air¬ 
craft  system  and  air  traffic  control.  These  operate 
independently  and  primarily  process  wideband  noise 
interspersed  with  some-  useful  data.  The  eye  torn  should 
process  many  useful  signals  in  a  small  fle^d  of  noise. 
Because  of  the  indepen  lent  nature  of  the-  ground  sta¬ 
tions,  the  useful  signals  are  processed  ir  random 
groups  fundamentally  disorganized  and  higidy  redundant. 
Thus  the-  system  is  le-ss  reliable  and  more  costly  than 
one  based  on  more  rational  concepts.  Tht-r ,  tco,  the 
syste-m  is  landlocked  wnlle*  most  of  the  earth'3  air¬ 
space  is  ove*r  the  oceans. 

With  state  of  the  nrt  frequency  control  and 
clocking,  it  is  feasible  to  provide  aircraft  identity, 
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position  and  altitude  in  single  systematic  queues  for 
any  airspace,  over  land  or  sea.  The  data  can  be  organ¬ 
ized  so  that  one  and  only  one  signal  is  transmitted  in 
a  given  time-slot  and  with  a  high  ratio  of  signal  to 
noise.  Noise  created  within  the  system  itself  can  le 
essentially  eliminated.  Such  s  system  concept  is  com¬ 
patible  with  buffers  of  conventional  Information  pro¬ 
cessing  systems,  is  more  reliable  and  cost  effective. 

It  also  can  conserve  radio  bandwidth. 

Data  Acquisition  "Strawmyi"  Ho.  I.  Let  us  assume 
that  all  aircraft  above  the  18,000  foot  level  carry 
the  new  t/F  Collision  Avoidance  System.  Each  aircraft 
will  then  transmit  identity  and  altitude  in  its  own 
time  slot  once  in  each  three  second  EPOCH.  No  signals 
by  other  aircraft  will  be  transmitted  in  its  time 
interval. 

Any  synchronized  ground  station  receiver  within 
line-of-sight  range  can  than  output  identity,  altitude 
ar.d  geographic  position  for  all  aircraft,  in  a  sequence 
which  is  systematic,  Jam  free,  non-redundant  and  has 
a  high  signal  to  noise  ratio.  No  ground  based  inter¬ 
rogations  are  required. 

The  T/F  CAS  system  operates  in  the  1600  MHz  region 
and  propagates  master  fine  synch  signals  from  a  single 
heirarchy  0  Master  Ground  Station  in  each  region.  An 
integrated  avionics  relay  propagates  time  of  lower 
heirarchy  to  remote  airspace  over  land  and  sea.  The 
clock  steps  down  slowly  m  0.03  microseconds  steps  to 
heirarchy  bo,  the  two  microsecond  (1966  feet  one  way 
transit  time)  limit. 

Radio  frequency  service  allocations  above  and 
below  CAS  are  reserved  for  the  mobile  (up  and  down) 
links  of  satellite  communications  relay  system.  By 
proper  organization  CAS  and  the  L-Band  satellite  system 
can  be  linked  to  provide  a  global  all  airspace  pre¬ 
cision  data  acquisition  and  time  reference  system. 

Programming  such  a  system  involves: 

1.  Th.o  use  of  space  deployable  wide  aperture 
satellite  antennas, 

2.  Son*'  communications  traffic  engineering,  and 

3.  The  allocation  of  CAS  and  satellite  channels 
which  use  the  same  radio  frequency  synthesizer  circuits. 

Data  Acquisition  "Strawson"  No.  II.  For  more  than 
a  decade  the  inherent  deficiencies  and  the  limited 
txaffic  capacity  of  the  Air  Traffic  Control  Radar  Bea¬ 
con  System  have  been  well  documented.  Because  of 
exhortations  not  to  tamper  With  the  system  relatival' 
weak  pleas  are  made  for  a  means  vheroby  interrogators 
trigger  only  those  aircraft  which  are  relevant.  There 
are  more  than  60,000  transponders  in  use;  the  planned 
phase  out  of  primary  radar  signal  processing  (for 
improved  system  economics)  will  drastically  increase 
that  number.  Cver  interrogation  provides  an  excessive 
number  of  replies  to  be  processed,  and  both  the  signal 
quality  and  the  integrity  of  the  replies  are  degraded. 
Deterioration  is  greatest  in  areas  of  greatest  need. 

With  precise  timing  techniques  now  available  a 
transponder  can  be  adapted  to  transmit  identity  and 
altitude  standard  codes  on  a  time  schedule  in  lieu  of 
interrogation.  An  individual  ground  station,  without 
transmitting  interrogating  signals,  could  obtain 
identity,  altitude  by  code,  range  (via  one  way  ranging) 
and  azimuth  (via  instantaneous  D.F.).  Nearby  ground 
stations  netted  to  use  range  only  could  obtain  position 


via  tri-lateration  (Rho/Rho/Rho)  using  high  gain  omni¬ 
directional  antennas  on  10$OMHz. 

The  processing  environment  again  would  deal  with 
one  and  only  one  transmission  from  each  aircraft  in 
each  time  slot  and  the  transmission  sequence  would  not 
be  repeated  until  the  next  time  EPOCH. 

The  real  world  side  of  the  processor  buffer  would 
queue  aircraft  on  a  time  slot  by  time  slot  basis.  The 
first  signal  arriving  in  each  time  slot  could  be  used 
and  the  remainder  "dumped"  to  avoid  the  need  for  a 
larger  processor  or  to  prevent  "packing"  an  existing 
one. 

In  a  CAS  equipped  aircraft  the  timin;  control 
could  be  supplied  within  the  CAS/ATC/RBS  system.  With 
data  link  an  inhibit  signal  could  reduce  slots  used 
in  an  area  to  that  required  by  ATC. 

Casual  analysis  will  show  that  a  numoer  of  com¬ 
patible  system  design  options  exist  within  the  above 
concepts. 

Satellite  Applications^ 


In  the  near  term,  satellite  communications  (pro¬ 
bably  in  L-Band)  will  augment,  then  later  supplant, 

HF  Radio  for  air/ground  communications  on  long  flights 
outside  continental  U.  S.  A.  Automatic  position 
reporting  to  ATC  and  to  operations  will  bicome  avail¬ 
able.  ATC  and  operational  messages  will  oe  communi¬ 
cated.  Most,  if  not  all  of  the  traffic  will  be  in 
digital  data  format,  serving  information  systems  in 
the  aircraft  and  on  the  ground. 

Because  of  recent  largo  investments,  by  air  fleet 
operators,  in  Inertial  and  dopplcr  radar  navigation 
systems  and  the  ability  to  update  ttiem  wish  Vortac, 
Loran  and  Omega,  there  is  little  current  inthusiasun 
for  satellite  navigation.  However,  i  ■Sa,  developments 
of  the  seventies  may  modify  this  attitude. 

Phase  locked  digital  uata  communications  systems 
with  precise  control  of  frequency  and  tin:  inherently 
have  within  them  the  ability  to  provide  accurate  geo¬ 
graphic  lines  of  position.  They  also  can  provide 
excellent  means  for  the  global  propagation  of  very 
precise  tine  to  aircraft,  ships  and  fixed  or  moving 
points  ashore. 

Global  Timing  and  Omega 

Onega  propagates  signals  which  suffc  •  little 
attenuation  as  they  transit  Earth,  held  between  its 
surface  and  the  ionosphere.  The  Onega  commutation 
scheme  (Figs  1,  2)  is  unambiguous  and  synchronized  to 
WT-2  with  the  10  second  period  beginning  tit  0000  hours 
and  repeating  at  10  second  intervals.  Tims  Omega  is 
not  only  a  navigation  system  for  air,  surface  and  sub¬ 
merged  croft  but  can  serve  as  a  worldwide  timing  system. 

The  basic  Omega  radio  frequency  (10.’  KHz)  has  a 
wavelength  of  16  nautical  miles.  Kith  C.W  phase  com- 
pari son  on  ambiguity  occurs  each  eight  mi_es  along  the 
baseline  oetween  stations.  A  second  frequency  (13.6 
Khz)  is  beat  with  the  basic  to  obtain  3.1*  KHz  which  is 
ambiguous  each  2U  miles.  Still  a  third  (-1  l/3  KHz) 
is  beat  to  move  the  ambiguous  lanes  out  to  72  nautical 
miles. 
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Position  uncertainties  can  be  removed  by  continuous 
counting  of  lanes  from  point  of  departure,  by  DR,  or  by 
obtaining  a  coarse  fix  from  other  aids  to  navigation. 

But  accurate  time  from  complementary  systems  also  can 
be  utilized. 

In  the  recent  CAS  flight  test  program  the  master 
ground  station  vas  time  locked  to  the  nearest  Lornn-C 
master.  A  global  master  timing  system  to  serve  the 
CAS  system  is  not  yet  programmed. 

When  the  CAS  master  stations  are  tied  together 
via  satellite  or  other  means  all  airborne  stations  con 
be  within  two  microseconds  of  CAS  master  time.  By 
knowing  the  exact  times  of  transmission  of  Omega 
signals  and  having  precise  time  aboard,  continuous 
Omega  position  fixes  can  be  obtained  on  the  basis  of 
the  one-way  propagation  time  from  each  station  to  the 
user.  Radio  waves  propagate  at  6.18  microseconds  per 
mile.  For  lane  identification: 

N.  Miles  Microseconds 

8  1*9.4 

24  148.3 

72  445.0 

Thus  using  either  CAS  or  Satellite  timing  ships  and 
aircraft  have  a  new  means  to  resolve  lane  ambiguities, 
or  alternatively  a  means  for  resolving  lane  ambiguities 
for  a  single  frequency  simplified  Omega  receiver.  For 
example,  a  simple  Search  and  Rescue  Omega  receiver  of 
the  single  frequency  type  (10.2  KHz)  could  obtain  lane 
resolution  via  a  timing  source,  automatically,  prior 
to  the  emergency  Incident  and  use  Omega  alone  in  the 
emergency  mode. 

A  shlpborne  Omega  with  a  good  companion  clock 
could  receive  time  Infrequently  from  any  CAS  equipped 
aircraft  within  line  of  sight  range  or  from  any  satel¬ 
lite  which  is  time  referenced. 

Thus  when  CAS  time  and  synchronous  satellite  time 
are  used  within  a  worldwide  standard  data  acquisition 
system  for  ATC,  navigation,  communication,  collision 
avoidance  and  search  and  rescue  are  also  served. 

In  figures  3,  4,  and  5  coverage  for  synchronous 
satellites  for  several  angles  above  the  horizon  are 
shown.  Probable  Omega  Station  locations  and  some  of 
their  baselines  are  shown  in  figure  5-  Coverage  for 
the  high  latitudes  can  be  supplied  by  satellites  in 
random  Polar  or  Sun  Synchronous  orbit. 

More  Conventional  Requirements  for  Precise 
Radio  Frequencies  and  Stable  Clocks 


VHF  Radio  and  Data  Link 

Much  of  the  progress  made  in  Air  Traffic  Control 
Systems  to  date  has  come  from  advances  in  frequency 
control.  The  "King  George"  VHF  voice  radio  communi¬ 
cations  airborne  set  of  World  War  II  was  channelled 
at  180  KHz.  In  the  postwar  period  only  those  channels 
compatible  with  200  KHz  were  retained  for  service. 
Successive  equipment  generations  used  100  KHz,  then 
50  KHz.  The  current  trend  is  toward  25  KHz. 


In  the  seventies  the  ATC  Air/Ground  Communications 
System  should  be  connected  to  national  and  Inter¬ 
national  ground  based  data  networks  with  lutomatic 
switching  of  voice  circuits  (e.g.  AutoVon)  and  auto¬ 
matic  digital  message  switching  (ADMS  of  AutoDin) . 
Despite  more  than  a  quarter  century  of  discussion, 
planning  and  aborted  development,  the  air/ground 
voice  system  even  now  lacks  a  dial  (or  tcuchtone)  and 
does  not  have  a  telephone  bell.  Although  many  air¬ 
craft  have  several  channels  to  the  cockpit,  crews  are 
forced  to  listen  continuously  to  intercept  calls. 

Avionics  Radio  Frequency  Flanning 
_ for  the  Seventies _ 


ICNI  and  Communications  Traffic  Engineering 

Aviation  is  now  at  least  five  years  into  the 
planning  of  new  integrated  avionics  systems.  Yet 
radio  frequency  allocation  planning  is  far  behind  the 
hardware  engineering.  Integrated  communication, 
navigation  and  information  (ICNI)  systems  cut  across 
the  entire  gamut  of  ATC  systems. 

In  ICNI  central  digital  modular  processing  time- 
shares  wideband  multiplexed  electronics,  single  co¬ 
axial  cables  replace  large  bundles  of  copper  wire, 
discrete  analog  and  digital  units  of  the  past  are  no 
longer  identifiable  except  a3  suisor,  control  and 
display  points.  A  decrease  in  dependence  on  line-of- 
sight  limited  propagation  paths  also  is  planned. 

But  the  line-of-sight  limitation  can  be  a 
'blessing'.  It  allows  the  same  radio  freiuency  channel 
fo  be  utilized  again  and  again.  As  yet  t.ie  sophis¬ 
ticated  type  of  communications  traffic  onjineering 
required  to  implement  the  non  line-of-sig.it  goal  is 
singularly  lacking. 

In  this  actlvit"  junior  systems  planiers,  not 
having  learned  of  the  "momentum  of  money"  (i.e.,  the 
long  tenure  of  large  Investments  in  world  vine  standard¬ 
ized  hardware)  seek  rapid  adoption  of  incompletely 
defined  revolutionary  systems,  while  thei  •  more  senior 
partners  are  too  insensitive  to  the  new  revolutionary 
electronics.  They  emphasize  patch  on  top  of  small 
patch,  and  devote  their  efforts  to  shoring  up  obso¬ 
lescent  systems  of  a  bygone  era.  Bygone  jy  only  a 
decade,  but  what  a  decade.  Between  the  t.o  generations 
of  engineers  lie  many  viable  course  for  .ruly  con¬ 
structive  action. 

Radio  spectrum  is  the  priceless  "rea_  estate" 
upon  which  most  avionics  systems  ire  builn  Wise  use 
of  it  is  essential.  Poorly  planned  spect.un  produces 
poorly  configured  airborne  systems. 

A  current  challenge,  not  being  met  comprehensively, 
is  that  of  frequency  channelling  the  bands  and  services 
listed  below,  so  that  a  single  modular  rauio  frequency 
standard  and  set  of  synthesizers  can  perform  all  of 
the  functions  in  a  way  which  is  iaeally  compatible 
with  ICNI  philosophy.  For  aviation  this  challenge, 
properly  met,  could  open  the  way  for  more  progress 
than  any  since  the  ITU  Conference  at  Atlantic  City, 

(1947). 


Since  the  system  is  still  double  side  bend  AM, 
and  still  carries  only  a  3  KHz  voice  service,  it  is 
apparent  that  the  frequency  control  community  lias  not 
yet  exhausted  all  opportunities  to  improve  the  system. 


In  the  postwar  period  without  sound  operational 
and  system  judgment,  aeronautics  opted  foi  VHF,  AM 
voice  radio  and  the  maritime  chose  FM  voire  radio  in 
the  sane  bands.  For  two  decades  they  have  1't  been  able 
to  communicate.  Operations  of  botn  have  ..uffered.  in 
these  now  bands  it's  hoped  that  similar  b-unders  will 
be  avoided. 
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4.  LGS  Frequency  Allocation  Plan 


New  developments  requiring  careful  channeling 
are  in  the  following  bonds: 

1435-1537.5  MH3  Maritime  Mobile 
1537-5-1542.5  MH3  Aeronautical  Mobile 
Marine  M)bile 

1542.5- 1557.5  I'Kl  Aeronautical  Mobile 

1557.5- 1637.5  MH3  Aerona  ‘  -nl  Radio  Navigation 

1637.5- 1^»0  MHl  Maritime  le 
161(0-1645  MH2  Maritime  Motile 
1645-1660  MH2  Aeronautical  Mobile 
4200-4400  MH3  Aeronautical  Radio  Navigation 
5000-5250  MH3  Aeronautical  Radio  Navigation 
15.4-15.7  OH3  Aeronautical  Radio  Navigation 

Collision  Avoidance.  Satellites,  Microwave  Landlrg 
Guidance. 


To  be  more  specific  from  an  Avionics  and  AIC 
viewpoint,  the  Collision  Avoidance  System  is  really 
a  first  urgent  use  of  T/F  technique,  it's  the  begin¬ 
ning  and  not  the  end  of  a  road.  In  time  the  system 
will  be  expanded  to  accomplish  additional  needed 
services. 

In  like  manner,  as  indicated  previously,  satellite 
communications,  per  se,  is  not  an  end  but  a  beginning 
of  the  use  of  coma  uni. at  ions  relay.  Communications  is 
first  because  there  is  an  urgent  need  to  place  less 
reliance  on  high  frequency  radio. 
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Note:  This  LGS  Frequency  Allocation  Plan  was  excerpted 
from  RTCA  Paper  189-70/SC  117,  SFDT-27  dated  September 
5,  1970,  the  Signal  Format  Development  Team  Report. 


Recommendation 


Next  comes  the  requirement  to  supplant  the  World 
War  II  fixed  beam  localizer  and  gi ide  slope  and  to 
replace  it  with  a  Microwave  Sconring  Beam  Landing 
Guidance  System  capable  of  category  III  flare  out  to 
touchdown. 

From  a  frequency  control  and  stable  clock  veiw- 
point  a*l  of  these  need  to  be  compatibly  organized  to 
minimize  redundancies  of  the  'afterthought'  variety 
and  to  economically  Justify  high  performance  levels 
than  that  which  a  group  Independent  systems  could 
utilize.  In  this  area  light  weight  general  aviation 
aircraft  must  be  adequately  served. 


In  pursuit  of  the  above  stated  and  implied  goals, 
it  is  recommended  that  this  group,  whose  members  know 
the  most  about  frequency  controls'  present  status  and 
future  potential,  help  cognizant  organizations  to  make 
the  best  possible  use  of  the  current  state  of  „he  art, 
and  meanwhile  stake  our  suitable  options  fcr  future 
progress.  Some  of  the  cognizant  organizations  are: 

1.  FCC  and  IRAC;  2.  FAA;  3-  RTCA;  4.  RTCM;  5.  ICAO;  and 
6.  ITU. 


References: 


Some  Current  and  Proposed  Allocations  for  the  Services 
noted  above. 


1.  Flight  Test  and  Evaluation  of  Airborne  Collision 
Avoidance  System 


1.  1540-1560  MHz, 

**1460-1570  MHz, 
**1595-1625  MHz, 
*1630-1640  MHz , 
l640-l660  MHz, 


Aircraft  reception  from 
satellite 
US  Glide  Slope 
Collision  Avoidance  System 
Radio  Altimeters  (secondary) 
Aircraft  transmission  to 
satellite 


Notes:  **Not  apt  to  be  in  general  use. 
**F1  1600  MHz 
F2  1605  MHz 
F3  1610  MHz 
r4  1615  MHz 


a.  Summary  Report 

b.  Vol.  I  and  Vol.  II,  Final  Report 

2.  Air  Transport  Time-Frequency  Colllsio..  Avoidance 
System,  ARINC  Characteristic  No,  587,  Sept.  1,  1970. 

3.  Airborne  Collision  Avoidance  System  Development 

IEEE  Transactions  on  Aerospace  and  Electronic  Systems 
Vol.  AES-4  No,  2,  Kirch  1968. 

4.  Proceedings  of  24th  Annual  Symposium  or.  Frequency 
Control,  U.  S.  Army  Electronics  Command,  Fort 
Monmouth,  New  Jersey. 


2.  Landing  Glide  Slope  Frequency  Allocation  Plan 
(See  following  chart  for  details) 

5003-5060  DME  A/G 
5068-5125  DME  G/A 
5130.0-5249.4  Angle  C-Band 
15,409.0-15,538.1  Angle  Ku-Band 


5.  Journal  of  the  Institute  of  Navigation,  Vol.  17, 
No.  3,  Fall  1970. 


3.  Search  and  Rescue  (SAR)  harmonics  of 
121.5  MHz  are  also  applicable  in  1540-1660  MHz  band. 
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FIGURE  3  COVERAGE  BY  SIX  SYNCHRONOUS  SATELLITES,  3  GROUND  STATIONS. GROUND 
STATIONS  CAN  BE  ANYWHERE  IN  SHADED  AREAS. 
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Let  R  be  the  radius  of  the  earth  end  h 
the  altitude  of  a  satellite  S.  Let  P  ' 
be  a  point  on  the  surface  of  the  earth, 
so  chosen  that  the  elevation  of  S  above* 
the  horizon  of  P  is  S.  Let  a  be  the 
'  angular  radius  of  the  "coverage  circlo" 
of  S  (that  is,  angular  separation 
betweon  S  and  P,  as  viewed  from  the 
center  of  the  earth).  The  formula  is 

*"  C0,*1(^K  co*  6)*a- 


satellite  altitude,  nautical  miles 


FIGURE  •*  SATELLITE  "COVERAGE  “  VS  SATELLITE  ALTITUDE 


FIGURE 


PR08A8LE  OMEGA  STATIONS  LOCATIONS  ANO  SOME  OF  THE 
BASELINES  ARE  ILLUSTRATED- 

APPROXIMATE  LOCUS  OF  POINTS  OF  5°  ALTITUDE  OF  THREE 
SYNCHRONOUS  STATELLITES  ON  THE  EQUATOR  AT  30* W  170°  W 
AND  96*E 
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APPLICATION  OF  CRYSTAL  CLOCKS  FOR  NAVIGATION 


AND  TIME-ORDERED  COMMUNICATIONS 

Richard  J.  Kulpinski 
The  MITRE  Corporation 
Bedford,  Massachusetts 


Summary 

Capabilities  for  position  location  and  real  time 
distribution  of  information  are  essential  for  both 
civil  air  traffic  and  military  command  and  control 
systems.  Time-ordered  reporting  is  being  considered 
seriously  for  distribution  of  information.  In  the 
techniques  and  applications  being  pursued  by  the  MITRE 
Corporation  and  presented  here,  participants  maintain 
an  onboard  crystal  clock  synchronized  with  timing  of 
the  reporting  net.  Transmissions  occur  automatically 
based  on  the  onboard  clock. 

Presented  is  a  technique  to  achieve  synchroniza¬ 
tion  and  determine  position.  Time-of-arrival  observa¬ 
tions  are  made  on  signals  emitted  by  three  or  more 
synchronized  and  located  sources  of  signals.  The  pre¬ 
dictable  behavior  of  the  error  function  of  crystal 
clocks  is  used  to  enable  a  more  accurate  solution  with 
time  of  position  and  synchronization  than  for  the 
initial  computation.  The  improvement  in  position 
accuracy  is  accomplished  without  integration  of  a 
sequence  of  position  estimates. 

Requirements  for  the  crystal  and  expected  accuracy 
of  the  solution  of  position  and  clock  synchronization 
is  presented. 

Introduction 

Fairly  well  known  is  the  fact  that  radic^navigation 
systems  involving  time-of-arrival  measurements  are  also 
sources  of  time  and  frequency.  The  discrepancy  between 
the  local  clock  and  the  system  clock,  called  time  off¬ 
set,  is  a  variable  along  with  position  in  the  analytical 
description  of  the  physical  situation.  Solution  of 
time  offset  is  available  simultaneously  with  each  solu¬ 
tion  of  position.  Because  of  noise  in  the  measurement 
process,  uncertainty  exists  in  the  solution.  A  common 
method  used  to  reduce  uncertainty  due  to  random  noise 
is  integration.  Reduction  in  uncertainty  depends  on 
the  length  of  time  over  which  the  behavior  of  the  pro¬ 
cess  being  integrated  is  known  functionally.  For  the 
clock,  the  behavior  of  time  offset  can  be  described 
functionally  over  a  long  interval  of  time.  Thus,  an 
appreciable  reduction  in  the  uncertainty  of  time  offset 
and  therefore  clock  synchronism  is  possible.  The  re¬ 
duction  in  uncertainty  of  position  from  integration 
varies  depending  upon  how  the  aircraft  is  equipped. 

With  onboard  motion  sensing  and  integrating  instruments 
the  behavior  of  the  difference  between  position  indica¬ 
ted  by  the  instruments  and  position  obtained  from  time- 
of-arrival  measurements  depends  on  the  error  characteris¬ 
tics  of  the  instruments  and  can  be  described  functionally 
over  a  long  Interval  of  time.  However,  in  the  absence 
of  such  instrunents,  integration  is  based  on  the  flight 
path  of  the  vehicle.  With  frequent  maneuvers,  the 
Integration  interval  for  position  is  short  and  thus  re¬ 
duction  in  uncertainty  of  the  vehicle's  position  is  small. 


This  tack  cmo  perform’d  under  -n.raot  XJ’/ECD; 
F136L8-71-C-TTTC  jiih  the  Electronics  .?■ icterus  Dioicii  n 
of  the  Air  Force  Systems  Coman  !. 


The  purpose  of  this  paper  is  to  present  the  concept 
that  the  integrated  estimate  of  the  value  of  time  off¬ 
set  can  be  used  to  enhance  appreciably  the  repeatable 
accuracy  of  position  even  though  Integration  of  position 
is  not  done. 

Application 

For  the  past  few  years,  the  MITRE  Corporation  has 
been  pursuing  application  and  technology  of  time-ordered 
reporting  for  command  and  control.  From  analyses  of 
operational  problems,  it  is  apparent  that  periodic  broad¬ 
casting  by  each  unit  of  its  current  position  and  status 
is  a  potential  part  of  the  system  solution  to  problems 
of  both  military  and  civilian  air  traffic  operations. 

Involved  are  ground  units  and  aircraft  which 
communicate  on  a  time-ordered  net.  Once  each  frame  each 
unit  reports  its  status-oosition,  velocity,  altitude, 
identity,  and  other  sundry  information  -  w’tn  a  digitally 
formatted  message  in  an  assigned  message  slot.  See 
Figure  1.  Transmissions  are  broadcast;  information  in 
each  message  is  avai lable  simul taneously  to  ground  con¬ 
trol  and  airborne  units. 

Each  unit  has  an  onboard  crystal  clock  which  it 
maintains  in  synchronism  wi  th  net  timing.  Each  partici¬ 
pant's  transmission  is  triggered  automatically  when  the 
onboard  clocktJndi cates  that  its  assigned  message  slot 
has  arrived. 

The  requirement  is  for  a  means  to  determine  position 
and  synchronize  onboard  clocks. 

Determination  of  position  and  synch rorizati on  of  a 
local  clock  is  done  by  receiving  signals  ot  three  or 
more  established  sources  with  a  known  or  determinable 
time  delay  between  transmissions.  Existing  systems  such 
as  OMEGA  and  LORAN  are  applicable.  Th»  MITRE  Corporation 
has  also  configured  the  situation  in  which  three  or  more 
located  and  synchronized  participants  of  the  time  ordered 
communications  net  are  used  as  sources  for  position  and 
timing. 

A  configuration  composed  of  three  or  more  sources  of 
ranging  signals  is  appealing  for  it  enables  user  units  to 
become  synchronized  without  requiring  transmissions  by 
these  units.  This  allows  the  onboard  clock  to  be  used  to 
support  accurate  navigation  for  any  receiver  equipped 
user  even  though  the  user  is  not  an  active  participant  of 
the  comnuni  cations  system. 

The  applicatun  of  an  onboard  clock  to  support  time 
ordered  transmissions  is  evident.  The  application  of  the 
clock  to  support  improved  navigation  is  not  as  visible. 

In  fact,  it  appears  often  that  an  onboard  synchronized 
clock  is  considered  a  burden  if  only  position  determina¬ 
tion  is  required.  For  example,  time  diffennee  techniques 
are  lauded  as  enabling  position  determination  without  the 
requirement  for  an  onboard  synchronized  clock.  Justifica¬ 
tion  for  a  clock  is  often  solely  for  timing  applications 
divorced  from  the  navigation  problem.  However,  timing  is 
very  much  a  part  of  navigation.  In  fact,  for  a  moving 
vehicle  an  onboard  clock,  synchronized  from  the  navigation 
system,  enables  a  significantly  more  accurate  solution 
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of  position  than  obtained  using  just  the  time  differ¬ 
ence  technique.  This  application  alone  may  be  ample 
justification  for  an  onboard  clock. 

In  the  applications  being  pursued  by  The  MITRE 
Corporation,  the  onboard  clock  supports  timing  for  trans¬ 
missions  in  the  time  ordered  net  and  improved  accuracy 
of  position.  In  the  specific  configuration  mentioned 
previously  in  which  the  signals  of  the  time  ordered  net 
are  used  for  ranging  and  dissemination  of  time,  signals 
propagate  line-of-sight.  Airborne  units  with  accurate 
location  and  time  can  be  used  to  extend  the  positioning 
capability  and  net  timing  to  units  beyond  line-of-sight 
of  ground  references.  This  is  possible  because  of  the 
synegistic  value  of  the  clock  to  both  timing  and  posi¬ 
tion  determination.  The  capability  to  extend  coverage 
enables  two  or  more  areas  to  have  the  same  time.  Using 
the  time  ordered  net,  transmissions  that  are  broadcast 
by  units  in  coverage  of  both  areas  can  be  received  by 
both  without  interference  and  with  a  single  transmission. 

Initial  Synchronization  and 
Solution  of  Position 


A  unit  accomplishes  initial  synchronization  or 
update  by  noting  the  time-of-arrival  of  signals  from 
three  or  more  locations  relative  to  its  local  clock. 
Figure  2  is  a  timing  diagram  and  shows  two  axes:  one 
for  sources  and  one  for  the  receiver.  The  top  axis 
implies  the  transmission  characteristic  of  general 
purpose  navigation  systems--that  signals  are  transmitted 
with  known  periodicity  and  delay  between  transmissions. 
The  second  axis  indicates  that  the  onboard  clock  has 
periodicity  of  some  specified  relationship  to  the  trans¬ 
missions  of  the  navigation  system.  The  clock  possibly 
generates  or  times  a  replica  of  the  transmission  pattern. 
Initially  the  clock  is  likely  to  be  out  of  step  with  the 
transmissions  of  the  navigation  system.  The  discrepancy 
between  the  user's  clock  and  system  timing  is  called 
time  offset.  The  value  of  this  parameter  is  estimated 
enabling  the  user  to  transmit  on  schedule.  The  observa¬ 
tion  made  on  each  signal  is  the  amount  of  time  thet 
elapses  between  a  known  division  of  the  local  clock  and 
the  receipt  of  the  signal.  When  multiplied  by  the 
velocity  of  propagation  tills  becomes  a  measured  range 
It  differs  from  the  actual  range  because  of  the  time  off¬ 
set  of  the  local  clock.  The  relationship  among  the 
terms  time  offset,  observed  range  and  true  range  is  shown 
in  Figure  3  and  is  often  called  pseudo  ranging. 

There  are  three  unknowns.  Given  three  observations, 
a  sufficient  set  of  simultaneous  equations  exist: 

0,(m)  =  '/cTx1)2+(Y-y/1  -  iR 

o2(m)  =  '/(x-x2)2+( y^y/1  -  ail  (!) 


It  is  interesting  to  note  that  the  locus  of  points 
of  the  intersection  of  pairs  of  arcs  of  Figure  4  form 
hyperbolas  o^'  constant  difference  between  pairs  of 
observed  propagation  times.  Pseudo  ranging,  equation  1, 
is  related  a>  the  familiar  time  difference  equations: 

■-  '/,(X-X1)2+(Y-Y1)2"1-  '/(x-x2)2+(y-y2)2’ 

_ 1  _ |  (2) 

0?(m)-e3(  :  -  >/(X-X2)2+(Y-Y2)2 '-  ^X-X^+fY-Yj)2'. 


One  way  •  solving  for  n  equations  with  n  unknowns  is  by 
success  i  elimination  of  variables.  When  this  approach 
is  app:  cf  to  the  variable  aR  in  equation  (1),  time 
diffe>v..''i  indicated  by  equation  (2)  results. 

3e-n.se  of  receiver  noise,  and  systematic  errors, 
there  <s  uncertainty  in  the  observation  and  thus 
uncer  ainty  in  the  solution.  Because  both  of  the  above 
sets  volution  equations  are  equivalent,  the  solution 
atc.ir/  of  both  is  the  same.  The  resulting  variance  in 
tK  or  of  the  solutions  normalized  to  time-of-arrival 
uncertainty  is  shown  in  Figure  5  for  position,  and  in 
Fir-ire  6  for  time  offset.  The  accuracy  shown  in  Figure 
S  applies  alto  for  time  difference  techniques.  The 
initial  solution  is  sufficiently  accurate  so  that  trans- 
m'sjions  can  be  made  in  the  time  ordered  net  without 
causing  interference. 

If  time  offset  were  known  perfectly  then  the  below 
s:r  of  equations,  called  direct  ranging  would  be 
appropriate: 

0,  (m)  *-Aft  =  '/(X-X1)2+(Y-Y1)2' 

02(m)+aR  =  ^X-X2)2+(Y-Y2)2  '  (3) 

03(m)+aR  =  '/(X-X3)2+(Y-Y3)2‘. 


The  known  value  of  time  offset  is  denoted  AR.  It  i.  a 
characteristic  of  the  direct  ranging  approach  that  the 
variance  in  the  solution  of  position  due  to  random  un¬ 
certainty  in  the  observation  is  less  than  for  the  solu¬ 
tion  where  aR  is  an  unknown.  However  to  apply  the 
direct  ranging  approach  an  accurate  estimate  of  aR  must 
be  known. 

It  is  possible  to  obtain  an  estimate  o'  aR  with 
small  variance  by  solving  for  time  offset  at  periodic 
intervals  using  pseudo  ranging  equation  (1)  and  then 
reduce  the  uncertainty  in  the  solution  error  by  integra¬ 
tion  over  a  number  of  solution  periods.  The  following 
presents  this  notion. 


03(m) 


A 


X-X3)‘+(Y-Y3r  *  AR 


Integration  as  a  Means  of 
Reducing  $olution~Uncertainty 


Figure  4  shows  a  graphical  solution  of  position  and 
time  offset.  Each  dashed  arc  has  a  radius  equal  to  the 
observed  range.  Initially,  the  three  arcs  do  not  have  a 
common  Intersection,  fhe  value  of  time  offset  is  the 
common  Increment  added  to  each  radius  which  results  in 
three  arcs  with  a  common  intersection.  The  coordinates 
of  the  intersection  is  the  user's  location. 

A  linearized  form  of  equations  (1),  suitable  for 
computer  solution,  is  presented  in  Appendix  I.  Although 
only  three  equations  are  given,  redundancy  provided  ty 
more  than  three  sites  can  be  handled  using  a  least 
squares  approach  and  is  also  described  in  Appendix  I. 


Integration  or  tracking  is  a  common  means  of  reduc¬ 
ing  uncertainty.  Conceptually,  there  exists  a  sequence 
of  single  frame  solutions, 

x,  h  -  -  -  \ - (ME)  -  -  -  xn 

Y1  Y2  -  -  *  Yn  •  -  -tuna  -  -  -  \ 
aRj  aR2  -  -  -AR,  -  -  — 1  Filterl  -  -  -  ARn 

Each  sequence  can  be  filtered  with  an  integration  interval 
that  is  as  long  as  the  process  represented  ty  the  sequence 
can  be  described  functionally. 


With  stationary  receivers  a  good  deal  of  Integration 
for  position  Is  possible.  This  Is  also  true  for  aircraft 
with  onboard  motion  sensing  and  Integrating  Instruments. 
The  behavior  of  the  difference  between  position  Indicated 
by  the  Instrument  and  position  obtained  from  time  of 
arrival  measurements  can  be  described  functionally  over 
a  long  Interval  of  time.  However,  due  to  cost  and  com¬ 
plexity,  not  all  aircraft  carry  such  Instruments.  In 
the  absence  of  these  Instruments,  Integration  of  position 
Is  based  on  the  flight  path  of  the  vehicle.  For  aircraft, 
maneuvers  are  frequent.  Functionally  describing  flight 
motion  more  complex  than  constant  velocity  Is  not 
practical.  Because  constant  velocity  motion  usually 
applies  only  for  short  Intervals,  reduction  In  uncertain¬ 
ty  of  position  is  likely  to  be  small, 

For  the  clock,  a  function  can  be  written  which 
describes  the  behavior  of  the  sequence  of  time  offset 
values  ever  a  long  Interval  of  time.  Furthermore, 
clocks  are  available  which  have  an  acceptably  low 
sensitivity  to  accelerations  caused  by  maneuver  or 
vibration.  Thus,  the  error  function  of  the  clock  can 
be  treated  as  essentially  Invariant  to  maneuvers.  A 
large  sample  size  of  single  frame  estimates  of  time  off¬ 
set  can  bn  used  to  reduce  significantly  the  uncertainty 
In  the  estimated  properties  of  the  clock. 

Using  a  Priori  Knowledge  of  Clock  to 
Reduce  Uncertainty  of  Solution  of  Position 

It  Is  generally  known  that  If  the  clock  were  known 
a  priori  to  be  perfectly  synchronized,  a  more  accurate 
solution  of  position  would  result  by  using  direct  rang¬ 
ing,  equations  (3).  Although  a  perfectly  synchronized 
clock  Is  not  a  reality,  the  filtered  estimate  of  the 
properties  of  the  clock  can  be  used  such  that  the 
accuracy  of  estimated  position  Improves  each  frame  with 
accuracy  In  the  knowledge  of  time  offset  even  though 
integration  of  position  estimates  over  time  Is  not  done. 

Figure  7  Is  a  block  diagram  of  a  possible  Imple¬ 
mentation.  Each  frame  a  solution  of  time  offset  Is 
obtained  using  Just  the  observations  of  the  frame.  This 
estimate  Is  an  Input  along  with  prior  estimates  to  a 
filter  with  a  long  Integration  Interval.  The  output  of 
the  filter,  predicted  to  the  time  of  the  next  frame.  Is 
treated  as  a  priori  data  along  with  observations  of  the 
next  frame  In  the  solution  of  position.  One  possible 
algorithm  Is  to  substitute  the  predicted  value  of  time 
offset  from  the  filter  output  for  the  variable  time 
offset  In  the  ranging  equation.  A  solution  of  the 
remaining  variables  X,  V  Is  computed  as  shown  In  the 
Appendix, 

Performance 

If  observations  and  update  occur  at  a  rate  of  once 
per  second,  then  over  a  10  minute  period  an  appreciable 
sample  size  of  600  would  be  available  for  filtering  time 
offset.  The  ratio  of  the  variance  of  the  output  of  the 
filter  to  the  Input  Is  about  4/n  when  filtering  a 
sequence  wl  th  a  constant  first  derivative  such  as  would 
exist  when  using  a  crystal  clock.  Therefore,  by  filter¬ 
ing,  an  Improvement  In  standard  deviation  of  time  off¬ 
set  of  at  least  10:1  Is  possible. 

Figure  8  shows  performance  for  three  circumstances, 
(1)  Initial  solution  of  time  and  position  using  Just  one 
observation  from  each  site;  (2)  solution  of  position 
using  filtered  estimates  of  clock  offset,  and  (3)  solu¬ 
tion  of  position  given  a  perfectly  synchronized  clock. 

A  modest  sample  size  of  30  Is  assumed  for  filtering 
estimates  of  time  offset  for  these  curves. 

The  Improvement  In  repeatable  accuracy  of  position 
for  situation  2  relative  to  situation  1  Increases  as  the 
uncertainty  of  position  that  Is  computed  without  use  of 
filtered  time  offset  Increases.  This  Improvement  of 


accuracy  Is  applicable  during  and  following  a  maneuver. 

Tn  obtain  the  same  Improvement  by  Integration  of 
estimates  of  position  would  require  a  sample  size  about 
four  times  the  Improvement  in  variance.  However  to 
validly  apply  such  a  sample  size  requires  that  constant 
velocity  motion  b<»  maintained  during  the  time  It  takes 
to  obtain  the  sample  size. 

The  dashed  lines  of  Figure  8  show  performance  when 
using  an  atomic  standard  and  Integration  with  a  sample 
of  30.  In  such  a  situation  the  clock's  oscillator  Is 
assumed  to  have  constant  frequency  over  the  Integration 
period,  and  the  filter  Is  synthesized  accordingly. 

Because  of  this,  reduction  of  the  standard  deviation  of 
time  offset  Is  proportional  to  1/n.  The  accuracy  of 
position  for  fixed  sample  size  Is  better  with  an  atomic 
than  a  crystal  standard.  However,  the  accuracy  for  both 
will  asymptotically  approach  that  with  a  perfect  clock  as 
the  sample  size  Is  Increased.  Sample  sizes  of  300  and 
larger  are  easily  justified  and  result  in  a  negligible 
difference  in  accuracy  between  Implementations  using 
atomic  and  crystal  oscillators. 

Systematic  errors  not  treated  as  solution  variables 
cause  systematic  errors  In  the  solution  relative  to  an 
absolute  reference,  These  are  not  eliminated  or  reduced 
by  Integration.  However,  for  control  systems,  repeatable 
or  relative  accuracy  Is  Important.  Bias  or  systematic 
errors  In  the  solution  are  not  of  consequence  If  they  are 
the  same  for  coordinating  units  of  the  control  system. 

Because  equations  (1)  and  (2)  are  equivalent,  the 
same  systematic  error  results  In  the  solution  for  both 
the  pseudo  ranging  and  time  difference  approaches.  The 
same  error  Is  experienced  also  In  the  direct  ranging 
solution,  equations  (3)  If  the  estimate  of  time  offset, 
aR,  Is  obtained  from  equations  (1)  and  to  the  extent  that 
measurement  or  modeling  errors  are  constant  throughout 
the  Integration  Interval.  This  Is  a  comfortable  conse¬ 
quence  for  users  of  time  difference  and  the  direct  rang¬ 
ing  approaches  will  both  be  In  the  same  relative  grid. 

Model  of  Clock  Error  Function 

Attention  Is  given  to  four  Items,  frequency  offset, 
long-term  stability,  acceleration  sensitivity  and  short¬ 
term  stability. 

Error  In  frequency  translates  Into  an  error  In 
measured  range.  Crystals  are  readily  available  with 
frequency  offset  within  one  part  In  10®  of  the  nominal 
frequency.  Such  an  error  will  result  In  an  error  of  2 
feet  In  measured  range  at  300  nm. 

In  the  algorithm  of  the  filter,  time  offset  Is 
modeled  as  changing  at  a  constant  rate.  This  Is  an 
approximation  of  the  actual  behavior.  The  fact  that  the 
frequency  of  crystal  oscillators  changes  at  a  linear 
rate  places  a  quadratic  term  In  the  error  function  of 
time  offset.  If  the  quadratic  term  Is  dropoed  In  the 
filter  equations,  a  reduction  In  amputation  time  results. 
With  such  a  simplification,  a  systematic  error  of  less 
than  four  feet  results  for  an  Integration  Interval  of  ten 
minutes.  If  the  long-term  stability  Is  less  than  1  part 
In  108  per  day.  Crystals  are  readily  available  which  meet 
this  stability  after  power  Is  applied  for  «  few  hours. 

Acceleration  of  maneuvers  cause  the  crystal's 
frequency  to  shift.  With  an  acceleration  sensitivity  of 
better  than  1  part  In  10'°/g,  a  2g  maneuver  for  30  seconds 
results  In  an  error  In  range  of  less  than  three  feet. 

Such  sensitivity  Is  necessary  because  errors  as  the 
result  of  maneuvers  within  an  Integration  Interval  tend 
to  be  cumulative. 

Short-term  stability  defines  random  uncertainty  of 
oscillator's  phase.  It  Implies  a  limit  to  useful  integra¬ 
tion.  We  would  be  certainly  fooling  ourselves  If  we 
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suggested  accuracy  from  integration  better  than  the 
inherent  uncertainty  in  the  devices  themselves.  Short 
term  stability  of  currently  available  crystal  devices 
does  not  force,  in  practice,  a  limit  on  Integration. 

Summary 

An  onboard  crystal  clock  can  be  accurately  synchron¬ 
ized  to  the  timing  of  the  navigation  system  using 
signals  emitted  by  the  navigation  system.  For  moving 
vehicles  in  which  fruitful  integration  of  position  is  not 
likely,  the  onboard  clock  enables  a  marked  Improvement 
in  repeatable  accuracy  of  position. 

The  notions  discussed  here  have  been  simulated. 

They  are  now  in  the  process  of  being  exercised  using 
actual  ground  and  airborne  units  in  the  Hanscom  Testbed, 
Bedford,  Massachusetts. 


Then  in  matrix  notation  equation  (A-l)  after  lineariza¬ 
tion  is 
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Define  equation  (A-3)  as 
De  =  J-DS. 

If  only  the  observations  made  during  a  frame  are  used  as 
data  for  the  solution  then  a  least  squares  solution  is 


Appendix  1 


Consider  the  situation  in  which  transmissions  from 
p  sites  occur  essentially  simultaneously  each  frame.* 
Then  for  the  n"1  frame 


v»)  ■  y<vv2+(yv2+AZi2i-  ^ +  ?i 

i  _ i  i  i 

Op(m)  =  v/(Xn-Xp)2+(Yn-Yp)ZUZp2‘-  AR„  ♦  Np 


(A-l) 


is  a  set  of  simultaneous  equations;  where 

Oj(m)  =  measured  range  made  on  signal  of  ith  site, 

=  location  of  1th  source, 

aZ.  =  difference  in  altitude  between  source  and 
'  receiver  taken  from  altimeter  data. 


X  ,  Y  ,  AR  *  solution  variables  for  receiver’s  posi- 
n  n  n  tion  and  time  offset, 


N1  -- 


=  random  error  in  time-of-arrival  measure¬ 
ment, mean  zero,  and  variance  oj, 

*  m 


Linearization  of  equations  (A-l)  about  an  assumed 
solution  Xa,  Y,,  ARa  using  a  Taylor  series  expansion 
enables  a  solution  using  a  digital  machine.  For  the  1 
row  of  equation  (A-l)  then, 


X  -X 


Y  -Y. 


®1  (m)  =  Va)  +  riiT  <x’xa)  +  OaT  (Y'V  '  (AR*flRa) 


where 

o,(a)  =  Rj(a)  -  ARa, 

R|(a)  «  '/(Xa-X1)J  +  (YV2  +  iz2  •  (A‘2) 


X.,  Y  ,  aR.  *  Best  estimate  of  solution  for 
a  a  a  X,  Y,  aR. 


Define 

8j  x  =  (Xa-Xf )/Rf(a) 

Biy  (W/R1<a) 

Do,  =  e{(<r.)-e1  (a). 

*  This  development  is  easily  extended  for  the  situation 
in  which  transmissions  of  a  group  occur  separated  in 
time. 
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(A-4) 


In  the  above,  each  observation  is  given  equal  weight. 

In  the  initial  frame,  Xa,  Ya,  ARa  is  arbitrary  but 
close  to  the  actual  value.  This  may  not  be  sufficiently 
close  to  the  actual  solution  to  justify  absence  of  the 
second  and  higher  order  terms  of  the  Taylor  expansion. 

In  such  a  case,  the  algorithm  is  iterated;  the  solution 
is  used  as  the  value  of  Xa,  Ya,  ARa  and  equations  (A-2) 
to  (A-4)  computed  again.  Iteration  Is  stopoed  when  the 
incremental  change  in  the  solution  is  small.  In  succeed¬ 
ing  frames,  Xa,  Ya,  ARa  is  taken  as  the  prior  solution 
predicted  to  the  time  of  the  current  observations. 

Denote  ARn  as  the  filtered  value  of  the  sequence  of 
single  frame  estimates  of  time  offset.  An  algorithm 
which  uses  the  filtered  estimate  of  time  offset  along  with 
observations  of  the  next  frame  to  give  a  better  solution 
accuracy  for  position  is  as  follows.  Linearization  of 
equation  (3)  gives 
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Define  equation  (A-5)  as 

DR  =  A-DP. 

Then,  a  solution  is  obtained  by  computing 
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TIME  SYNCHRONIZED  RANGING  SYSTEM 


(TSRS) 


ROBERT  M.  AUGHEY 
SINGER-GENERAL  PRECISION,  INC. 
KEARFOTT  DIVISION 
LITTLE  FALLS,  NEW  JERSEY 


Summary 

Singer-General  Precision,  Kearfott  Division, 
has  developed  and  is  currently  field  testing  a 
time-ordered  precision  ranging  and  relative 
position  location  system  identified  as  TSRS. 

The  TSRS  is  based  on  cooperative  synchroniza¬ 
tion  of  both  time  and  frequency  between  up  to 
1024  LOS  users  to  a  relative  time  accuracy  of 
less  than  7  nanoseconds.  Additional  TSRS  cap¬ 
abilities  include  automatic  user  identification 
and  two-way  communication  data  link.  The  TSRS 
is  currently  under  field  ground  test  and  will 
be  flight  tested  under  a  U.S.  Navy  Contract  in 
1971. 


The  Kearfott  Division  of  Singer-General  Pre¬ 
cision  has,  under  Company  sponsorship, 
developed  a  cooperative  ranging  system  employing 
local  frequency  sources  and  clocks  which  are 
precisely  synchronized  in  relative  frequency 
and  time  to  a  designated  control  station  within 
a  community. 

Kearfott  identifies  this  system  as  (TSRS)  a 
Time  Synchronized  Ranging  System. 

A  general  definition  of  this  typo  of  equipment 
is  a  collection  of  units,  or  subscribers, 
located  remotely  from  each  other,  which  employ 
a  common  relative  time  and  frequency  reference 
for  the  purpose  of  sequencing  events,  timing 
events,  and  determining  slant  range  between 
units. 

Important  system  by-products  of  the  TSRS  process 
include  two-way  data  ccncnunication,  unit  iden¬ 
tification,  and  relative  position  location, 
where  adequate  ranges  are  available  to  perform 
trilateration  computations. 

TSRS  is  a  time-ordered  system  (See  Figure  l)  in 
which  a  system  cycle  is  divided  into  "N"  slots, 
each  of  which  is  precisely  2.62144  milliseconds 
long.  For  the  purpose  of  this  presentation  the 
00  or  first  slot  in  the  cycle  will  always  be 
assigned  to  the  Control  Station,  although 
Kearfott  does  incorporate  a  capability  for 
rotating  Control  to  qualified  users  in  the  com¬ 
munity  in  order  to  service  users  not  in  line- 
of-sight  of  the  designated  Control  Station. 

The  Control  Station  always  transmits  a  "Coarse 
Sync"  message  in  slot  00,  initiated  at  his  own 
T0.  Each  user,  having  been  previously  assigned 
an  exclusive  time  slot,  requests  and  receives 
Fine  Synchronization  from  the  Control  Static 
within  his  own  slot. 


A  simplified  diagram  of  the  time  format  for  the 
synchronization  process  is  shown  ir.  (Figure  2)  . 
For  ease  of  demonstrating  the  relative  time 
relationships  this  illustration  has  divided  a 
slot  into  10  equal  units. 

The  Control  Station  transmits  a  Coarse  Sync 
message  in  slot  00  at  his  indicated  Tq.  This 
message  is  received  by  all  users  within  LOS, 
each  of  which  resets  his  local  clock  to  T0  on 
receipt  of  the  message.  Obviously,  each  user 
clock  is  now  "late"  with  respect  to  the  Control 
Station  clock  by  the  individual  propagation 
time  from  the  control  Station  to  each  user, 
however,  it  is  important  to  note  that  the 
Coarse  Sync  transmission  always  establishes 
relative  synchronization  between  User  and 
Control  to  600  microseconds  or  less,  corres¬ 
ponding  to  the  approximate  propagation  delay 
at  100  miles  maximum  LOS  distance  batween 
Control  and  User. 

For  illustration,  assume  that  the  User  of  Fig¬ 
ure  2  is  two  time  units  in  distance  from  the 
Control  Station  and  that  he  has  been  assigned 
slot  01,  immediately  following  the  90  slot. 

The  User  has  received  the  C.S.  message  and 
reset  his  clock  to  T0  on  receipt.  10  units 
(2.62144  ms.)  later,  at  the  start  o:  his 
assigned  01  slot,  the  user  initiates  a  Fine 
Sync  Request  message  '.o  the  Control  System. 
Assuming  no  relative  movement  betweun  the 
stations,  ana  therefore  two  time  un-ts  for 
propagation,  the  F.S.  Request  arrives  at  the 
Control  Station  4  units  late  with  respect  to 
the  Control  clock  (two  propagation  times) .  The 
Control  Station  assumes  that  the  F.S.  Request 
delay  of  4  units  is  all  propagation  delay 
(range),  and  initiates  a  Fine  Sync  Reply  Mess¬ 
age  to  the  01  User  4  time  units  ahead  of  the 
end  of  slot  01  which  arrives  at  the  User  two 
time  units  later.  The  User  realizes  that  the 
F.S.  Reply  should  have  arrived  exactly  at  the 
end  of  slot  01  if  his  time  was  syncl.ronized 
with  the  Control  Station,  and  therefore  his 
clock  is  "late"  by  two  time  units  ar.d  auto¬ 
matically  resets  it  to  cause  the  start  of  slot 
02  to  be  coincident  with  the  arrival  of 
the  F.S .  Reply.  The  User  and  Control  clocks 
are  now  in  Fine  Synchronization  and  identical 
transmissions  in  the  next  and  successive  system 
cycles  can  be  utilized  to  measure  slant  range 
between  units.  The  actual  circuit  implementa¬ 
tion  of  the  coarse  and  fine  synchronization  in 
TSRS  is  somewhat  more  complex  than  this 
simplified  description  and  will  be  discussed 
in  more  detail  later. 

The  TSRS  message  structure  has  been  designed  to 
provide  acquisition,  time  synchronization,  data 
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communicat ion,  and  automatic  unit  identifica¬ 
tion.  Figure  3  iilustrates  the  TSRS  message 
structures.  All  transmissions  are  preceded  by 
6  bits  of  quieting  (1.28  ps./bit). 

The  Control  Station’s  Coarse  Sync,  transmission 
in  slot  00  consists  of  two  13  bit  inverted 
Barker  codes  followed  by  two  9  bic  slot  number 
words  and  144  bits  available  for  data.  One 
parity  bit  for  each  8  bits  of  data  is  incor¬ 
porated.  This  transmission  therefore  is  248 
microseconds  maximum  in  length,  and  is  the 
only  transmission  occurring  in  slot  00. 

In  slot  01,  the  User  F.S.  Request  transmission 
consists  of  two  13  bit  normal  Barker  codes 
followed  by  144  bits  of  data,  resulting 
ir.  a  message  length  of  225  iis.  maximum.  The 
F.S.  Reply  message,  also  in  slot  01,  consists 
of  two  Barker  codes,  the  first  inverted  and 
the  second  normal,  resulting  in  a  message 
length  of  41  ms.  maximum.  The  combinations 
of  normal  and  inverted  Barker  codes,  coupled 
with  slot  assignments,  serve  to  identify  tne 
User,  and  the  entire  community,  the  type  of 
message  and  its  origin.  The  Coarse  Sync 
message  is  transmitted  only  once  per  system 
cycle,  but  the  F.S.  Request  and  Fine  Sync 
Reply  messages  arc  transmitted  and  received  by 
each  User  in  his  assigned  slot  every  system 
cycle. 

Figure  4  is  a  TSRS  System  Block  Diagram.  Each 
TSRS  consists  of  a  Receiver-Transmitter  Unit 
( RTU) ,  a  Digital  Unit  (DU),  and  a  Control  Dis¬ 
play  Unit  (CDU) .  The  TSRS  control  Station  is 
shown  with  a  jomputer  and  teletype,  however, 
these  are  us.-d  only  to  process  TSRS  range  and 
data  for  specific  applications  such  as  relative 
position  location.  Each  TSRS  unit  is  fully 
implemented  to  perform  as  a  User  or  Control 
Station  with  the  choice  and  slot  assignments 
selected  by  means  of  the  CDU's. 

Figures  5  and  6  arc  photographs  of  the  TSRS 
Receiver-Transmitter  Unit.  The  RTU  is  housed 
in  a  3/4  ATR  case  and  weighs  20  pounds.  This 
unit  is  an  Engineering  Model,  built  in  the  lab¬ 
oratory,  and  is  not  representative  of  final 
mechanical  desion.  rigures  7  and  8  are  photo¬ 
graphs  of  the  TSRS  Digital  Unit.  The  DU  is 
housed  in  a  1/2  ATP  case  and  weighs  15  pounds. 
This  unit  is  representative  of  final  TSRS 
packaging  and  incorporates  SGP's  X-Y  logic 
cards  as  well  as  higii  speed,  multi-layer  cards 
in  a  mechanical  design  proven  by  hundreds  of 
Kearfott  production  navigational  equipments 
for  Military  Aircraft. 

Figure  9  in  a  photograph  of  a  TSRS  Submastur 
(Control  Station)  consisting  of  the  RTU,  DU, 
CDU,  Computer,  and  a  ground  unit  antenna. 

h  block  diagram  of  the  Receiver-Transmitter 
Unit  is  *-'iown  in  Figure  10.  The  RTU  is  design¬ 
ed  to  operate  in  the  960  to  1215  MHz  ("L"  Band' 
>-ange  and  we  are  currently  field  testing  at 
1140  MHz  with  a  7  MHz  BW  and  a  1%  duty  cycl  >. 
Ail  Rl’j  functions  are  controlled  by  the  DU, 
for  example,  the  transmitter  section  accepts 
baseband  data  at  a  780  KHz  rate,  XMIT  key 
signals,  and  a  80  M'!z  ..nput  to  the  bi-phase 
modulator.  The  output  of  the  modulator  is  a 
60  MHz  cai.ier  whoso  phase  is  reversed  by  the 
differentially  encoded  -**  a.  This  signal  is 
mixed  with  a  1080  M*V  l.O.  and  the  upper  side 
band  selected  to  provide  a  1140  MHz  bi-phase 


modulated  carrier,  which  is  amplif-ed  to  a 
one  kilowatt  level  and  delivered  to  the  an¬ 
tenna  via  a  circulator.  The  transmitter  is 
keyed  on  just  prior  to  the  message  and  keyed 
off  at  the  end  of  the  message,  while  an 
opposite  keying  signal  is  simultaneously 
applied  to  the  receiver. 

An  incoming  message  is  passed  through  the 
antenna,  circulator,  and  protective  limiter 
to  a  down  converter  where  the  1140  MHz  bi¬ 
phase  modulated  signal  is  mixed  with  an  1080 
MHz  L.O.  providing  a  60  MHz  input  zo  the  IF 
amplifier.  This  amplifier  provides  80db  of 
gain  by  means  of  9  successively  cut-off 
limiter  stages  and  exhibits  nearly  constant 
phase  shift  and  group  delay  throughout  its 
dynamic  range.  The  IF  amplifier  has  a  phase 
response  that  is  essentially  insensitive  to 
the  limiting  level. 

The  amplified  and  limited  60  MHz  sional  is 
split  with  one  output  delayed  by  one  bit 
(1.28  ps.).  The  direct  ou'-.put  and  the  delayed 
output  are  then  compared  m  the  phase 
detector,  providing  differential  decoding  of 
the  60  MHz  bi-phasc  information.  The  result¬ 
ant  video  signal  is  applied  to  a  v_deo  decoder 
which  supplies  time-of-arrival  (TOA)  pulses, 
and  data  to  the  TSRS  Digital  Unit. 

Figure  11  illustrates  the  RTU  Barker  decoder 
in  simplified  form.  The  video  output  of  the 
phase  detector  is  routed  to  a  13  b_t  tapped 
delay  lino.  The  Barker  is  a  special  synch¬ 
ronizing  code  (13  bits  for  TSRS)  which,  when 
cross-correlated  with  a  stored  sequence,  can 
provide  a  single  pulse  at  correlation,  the 
amplitude  of  which  can  be  set  by  means  of  a 
threshold  detector.  Both  positive  and  nega¬ 
tive  thresholds  arc  incorporated  for  TOA 
pulses  since  TSRS  uses  both  normal  and  invert¬ 
ed  Barker  codes. 

Figure  12  is  a  block  diagram  of  the  TSRS 
Digital  Unit.  The  Main  Timer  provides  a  con¬ 
tinuous  time  base  and  reference  for  the  unit 
and  when  the  unit  is  designated  Control  its 
counting  length  defines  the  slot  interval  for 
the  entire  system. 

The  Main  Timer  operates  directly  at  a  100  MHz 
rate,  derived  from  thy  local  frequency  stand¬ 
ard,  using  ultra  high  speed  emitter-coupled 
loaic,  with  multi-layer,  controller  impedance, 
printed  circuit  packaging.  All  critical 
timing  functions  are  synchronously  clocked, 
with  less  critical  functions  clocked  by  a 
ripple  carry  signal.  All  of  the  Dl’s  key 
timing  signals  are  derived  from  the  Main 
Timer.  The  Main  Timer  also  supplies  timing 
control  for  the  Secondary  Timer. 

The  Secondary  Time  r  provides  a  time  base 
itilizeO  for  time  measurements  and  control  of 
a. I  R  '.  transmissions.  The  Secondary  Timer 
is  per  iv  licaliy  "pK-.se-locxed"  to  the  Main 
Timer,  however,  it  can  bo  st<  ,  ,  ed  by  the 
appropriate  TOA's  v.<  provide  a  measure  of  time 
and/or  range . 

The  slot  Counter  idc.irifies  each  TSRS  slot, 
and  are  initialized  by  the  CS  message  from  tne 
Control  Station  during  acquisition.  There¬ 
after.  't  advances  one  count  every  time  the 
Main  Timer  completes  its  timing  of  a  ranging 
slot. 
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The  TSRS  frequency  source  is  located  in  the 
DU.  This  oscillator-multiplier  lias  output 
frequencies  of  20  MHz  and  100  MHz.  The  unit 
is  voltage  controlled,  housed  in  a  proportion¬ 
al  control  oven  and  has  a  drift  rate  of 
1  x  10"°  parts  per  day.  Voltage  control  of 
this  source  is  obtained  from  an  up-down  counter 
and  a  precision  D/A  converter.  These  elements, 
coupled  with  measured  time-errors  and  the 
Digital  Filter,  form  the  oscillator  frequency 
and  phase  control  loop.  An  up-down  counter  is 
initially  set  to  mid-range  and  incremented  or 
decremented  by  a  series  of  pulses  proportional 
to  the  measured  synchronization  error.  The 
gain  associated  with  a  given  correction  is 
controlled  by  the  Digital  Filter  and  is  ad¬ 
justed  by  directing  the  correction  pulse  train 
to  various  weighted  inputs  in  the  up-down 
counter.  The  D/A  converter  closes  the  fre¬ 
quency  and  phase  control  loop  by  supplying  on 
analog  signal  to  the  oscillator  as  a  function 
of  the  stored  count. 

The  Digital  Filter  logic  implements  an  algorithm 
which  smooths  time,  frequency,  and  phase 
corrections.  This  algorithm  is  an  approxima¬ 
tion  to  a  simple  Kalman  Filter  (linear  filter 
with  time  varying  gains).  The  filter  logic 
accepts  a  measured  time  error  and  processes 
it  m  at -ordance  with  the  filter  algorithm  to 
genor  r  vl  time  correction  for  the  Main  Timer 
and  i  .o.;ucncy  or  phase  corrections  for  the 
os;  . ’  tor.  The  Main  Timer  is  corrected  under 
o'  the  filter  by  inhibiting  or  adding 
,  :nts  (counting  by  two's  at  the  normal  clock 
iate)  depending  on  the  sign  of  the  error. 

The  remaining  DU  functions  are  associated  with 
TSRS  control,  data  message  formatting  storage 
and  processing,  and  general  "housekeeping". 

Figure  13  is  the  F.S.  state  diagram  represent¬ 
ing  the  flow  of  F.S.  control  in  order  to 
accomplish  the  desired  time  frequency  and 
phase  corrections. 

The  Digital  Filter  is  active  only  in  the  User 
TSRS,  since  the  control  Station  reference  is 
common  for  the  entire  system,  and  no  internal 
corrections  are  made  as  long  as  the  TSRS  is 
operating  in  a  "relative"  mode,  although  pro¬ 
visions  are  incorporated  to  reference  the 
Control  Station  (and  therefore  the  system)  to 
any  desired  external  source. 

The  User  DU  is  initialized  by  the  C.S.  process 
previously  described,  and  for  the  first  up¬ 
date  (F.S.  Request  and  Reply)  the  clock  gam 
(Kq)  is  one  and  the  oscillator  gain  ( Ko)  is 
zero.  For  the  next  four  successive  updates 
the  clock  gain  is  unity  and  the  oscillator 
gain  is  increased.  In  the  following  slots  the 
clock  gain  is  reduced  by  a  constant  plus  a 
variable  depending  on  the  number  of  missed 
updates  (N)  and  the  oscillator  is  reduced  to 
low  gain.  The  DU  will  remain  in  this  state 
until  the  measured  time  error  is  equal  to  or 
less  than  a  preset  count.  The  DU  will  there¬ 
after  remain  in  the  following  state  unless  the 
measured  time  error  on  an  update  exceeds  the 
preset  count.  Should  this  occur,  a  transfer 
is  made  to  the  adjacent  state  and  if  the  next 
update  error  is  equal  to  or  less  than  the 
preset  count  of  the  previous  state,  status  is 
returned  to  the  previous  state,  however,  if 
the  next  update  error  is  greater  than  10  times 
the  preset  count,  the  status  is  returned  to 


the  unity  clock  and  high  gain  oscillator  state 
and  the  status  proceeds  through  the  state 
diagram  again. 

For  the  case  where  the  update  error  is  greater 
than  the  preset  count  but  less  than  10  times 
the  preset  count,  the  status  is  returned  to 
the  state  where  the  clock  gain  is  a  constant 
plus  a  variable  based  on  the  number  of  missed 
updates.  The  TSRS  Digital  Filter  was  modeled 
and  simulated  on  an  1108  computer  prior  to 
hardware  design.  Laboratory  and  field  tests 
of  TSRS  have  verified  system  performance  as 
predicted  by  the  simulation. 

Figure  14  illustrates,  in  simplified  form,  the 
TSRS  range  measurement  signal  flow  oetween  two 
cooperative  units. 

A  message  is  formatted,  including  tne  Barker 
code  and  data,  in  the  Digital  Unit,  and,  at 
the  proper  time,  sent  to  the  Receiver-Trans¬ 
mitter  Unit  as  a  differentially  encoded  video 
signal.  This  signal  is  used  to  bi-phase 
modulate  a  60  MHz  carrier  which  is  then  up- 
converted  to  and  amplified  at  1140  MHz. 

The  radiated  signal  is  received  by  the  second 
unit,  down-converted  to  60  MHz,  amplified  and 
detected  with  the  resultant  video  sent  through 
the  Barker  decoder. 

This  output  consists  of  TOA  pulse (si  and  serial 
data  which  are  sent  to  the  Digital  Unit,  where 
the  TOA's  are  used  to  measure  range,  clock 
error,  etc.,  and  the  serial  data  is  buffered 
for  transfer  to  external  equipment. 

This  Transmit-ueceive  process  is  reversed  at 
the  proper  time  for  message  flow  in  the  other 
direction. 

Figure  15  is  a  summary  of  the  current  perfor¬ 
mance  of  the  TSRS  indicating  an  operational 
range  of  100  NM,  provided  a  line  of  sight  path 
exists.  Slant  range  measurement  accuracy  is 
21  feet,  one  sigma,  based  on  a  relative  time 
synchronization  accuracy  of  each  User  to  the 
Control  Station  of  7  nanoseconds,  one  sigma. 

The  TSRS  provides  User  identif ication  on  a 
time-ordered  assigned  slot  basis  with  up  to 
300  bits  of  data  communication  capacity  between 
the  Control  Station  and  each  User  every  2.68 
seconds  at  a  data  rate  ol  980  Khz. 

There  are  many  military  and  commerc-al  applica¬ 
tions  for  TSRS  including: 

.Relative  Position  Location 
.Navigation 

.Precision  Reference  for  Hybrid  System 
.Command  and  Control 
.Emitter  Location  Systems 
.Collision  Avoidance 
.Air  Traffic  Control 
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"Piezoelectric  Sensors  for  Use  as  Pollution 
Detectors,  Keterology  Monitors  and  Research 
Instruments . " 

J.  Kertzman,  Oceanport.  New  Je'rsey 


The  major  research  and  dynamic  growth  of 
new  industries  in  the  ‘70's  will  be  directed 
toward  our  environment.  Three  of  the  major 
areas  for  environmental  activity  will  be  in 
Air  and  Auto  Pollution,  Manufacturing  Proces¬ 
ses  and  New  Products  and  Research  by  the  U.S. 
Government  Laboratories,  Industry  and  Univer¬ 
sities  to  meet  both  requirements. 

The  five  man  made  major  sources  of  air 
pollution  are  automobiles .  major  Industry 
plants  power  plants,  space  heating  and  re¬ 
fuse  disposal  The  pollutants  include  carbon 
monoxide  hydrocarbons  oxides  of  nitrogen, 
sulfur  oxides,  particulates  and  a  variety  of 
other  combustion  and  processing  products. 

The  industries  whose  products  and  pro¬ 
cesses  are  the  major  contributors  to  pollu¬ 
tion  are : 

Automobile  Manufacturers  who  will  have  to 
redesign  their  power  systems  or  add  devices  to 
reduce  emissions.  They  will  be  responsible 
for  measuring  and  controlling  the  auto  emis¬ 
sions.  The  auto  manufacturers  are  spending 
about  S00  million  dollars  a  year  on  this  pro¬ 
blem.  They  must  provide  Information,  recom¬ 
mendations  and  possibly  equipment  to  60.000 
new  car  dealers  who  will  have  to  service  the 
vehicles. 

The  Petroleum  Industry  will  have  to  deve¬ 
lop  and  produce  new  fuels  to  meet  the  new 
pollution  requirements.  New  processes  are 
being  developed  and  the  refineries  will  also 
be  required  to  monitor  their  plants  that  pro¬ 
duce  these  new  fuels.  In  addition,  the  petro¬ 
leum  Industry  will  also  be  recommending  emis¬ 
sion  measuring  equipment  to  their  service 
stations  for  measurement  and  correction  pro¬ 
cedures  in  the  new  Federal  Standards.  There 
are  140,000  service  stations  in  the  United 
States. 

Petrochemical  Chemical,  Chemical  pro¬ 
cessing  and  other  Manufacturing  PlantB  will 
require  modifications  In  their  processes  to 
meet  new  air  pollution  regulations.  Moni¬ 
toring  apparatus  will  have  to  meet  approved 
requirements  which  will  be  established  by 
f'ate  and  Federal  Government  Agencies, 

Electric  Utilities,  Apartment  Houses, 
Hotels,  Office  Buildings,  Warehouses  and  Other 
Large  Fuel  consumers  and  Local  and  Private  Hc- 
Tu3e  Disposal  Stations  will  have  to  be  moni- 
tored  to  insure  compliance  with  pollution 
standards . 

The  inspection  and  enforcement  of  the 
standards  will  be  made  by  State  and  Local 
pollution  administrations.  Air  and  auto 
pollution  standards  will  require  continuous 
morltorlng  and  periodic  inspections.  The 
State  of  New  Jersey  Environmental  Protection 
Agency  in  enforcing  a  state  code  on  air  pollu¬ 
tion.  It  Is  also  evaluating  an  advanced  car 
inspection  system  which  will  moan  100?  car 
inspection  to  meet  new  Federal  Specifications. 


An  estimate  of  the  air  pollution  instru¬ 
mentation  market  for  1970-1980  was  presented 
at  the  A PC A  meeting  in  June,  1970,  by  R. 
Bertram  of  Esso  Research  and  Engineering  Co. 
at  469  million  dollars. 

"Is  there  any  simple,  reliable,  accurate 
and  precise  Instrument  that  will  meet  the 
requirements  of  this  v«3t  program?"  The 
answer  is  "no"  and  time  is  running  out. 

There  are  many  prospects  on  the  list,  and 
several  Instruments  based  on  old  wet  chemical 
methods  are  being  used;  however,  the  3cope 
of  this  is  so  large  that  a  new  type  of  sensor 
is  required. 

In  my  opinion,  a  leading  candidate  for 
a  universal  pollution  sensor  is  the  coated 
piezoelectric  crystal.  It  has  many  outstand¬ 
ing  features  such  as  high  sensitivity,  low 
cost,  simple  Instrumentation,  detection  of 
specific  compounds,  reversible  mass  changes, 
sensors  that  are  mounted  on  site  or  remote 
and  the  units  can  be  adapted  to  simple  pass- 
fail  Indicators  or  controllers. 

The  first  commercial  coated  quartz  cry¬ 
stal  instrument  was  Introduced  in  196?  and 
today  13  used  worldwide  as  a  water  vapor 
analyzer  in  all  of  the  leading  refineries 
throughout  the  free  world.  It  13  also  used  in 
Petrochemical,  chemical,  Natural  Gas,  Atomic 
Energy  and  other  manufacturing  and  research 
facilities.  It  has  a  sensitivity  of  0.05  PPm 
(v/v)  water  vapor,  and  it  has  a  faster  re¬ 
sponse  to  dynamic  changes  in  water  /apor  con¬ 
centration  than  any  other  hygrometer. 

Other  applications  of  the  coated  quartz 
crystal  have  been  as  specific  detectors  for 
hydrocarbons,  carbon  dioxide,  sulfur  dioxide 
and  particulates. 

The  linear  temperature  respons*  and  high 
sensitivity  of  the  LC  crystal  has  b*en  demon¬ 
strated  In  commercial  quartz  crystal  thermo¬ 
meters.  Demonstration  of  the  quartz  as  a 
meterology  detector  for  humidity  In  the  uppe*- 
atmosphere  lias  also  been  reported.  Two 
European  countries  are  using  coated  quartz 
crystals  as  humidity  censors  in  rad.osondes. 
The  coated  quartz  crystal  has  a  higher  sensi¬ 
tivity  for  measuring  barometric  pressure  than 
the  present  bellows  U3ed  in  the  Wea  .her 
Bureau  ESSA  radiosondes.  The  present  GSA  re¬ 
quirements  are  to  250,000  sondes/yeur .  Over¬ 
seas  requirements  will  double  the  potential. 
The  sondes  for  the  weather  balloons  are  dis¬ 
posable  so  the  crystal  detectors  have  to  make 
only  one  te3t. 

Auto  pollution  monitors  offer  one  of  the 
greatest  potentials  for  coated  crystals.  In 
addition  to  the  instrumentation  requirements 
of  car  dealers  service  stations,  diagnostic 
centers  and  enforcement  agencies  almost 
10  million  cars  are  built  each  year.  There 
are  80  million  cars  on  the  road.  The  possi¬ 
bility  of  using  a  built-in  coated  crystal 
auto  pollution  monitor  for  individual  cars 
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for  Indicating  high  emissions  offers  tremen¬ 
dous  potential  to  t.he  crystal  industry. 

Although  the  automobile  is  the  largest 
pollutor,  the  effect  of  pollution  is  on  the 
individual.  This  raises  a  question  whether 
we  need  protection  to  exposure.  Exposure  to 
radiation  is  monitored  by  individual  dosime¬ 
ters.  a  selective  coated  quartz  crystal  dosi¬ 
meter  has  been  developed  for  measuring  expos¬ 
ure  to  hydrogen  sulfide. 

The  chjllenge  of  this  decade  is  "can  we 
reduce  our  air  pollution?"  How  we  will  moni¬ 
tor  it  will  depend  on  the  imagination  of  the 
scientist.  The  piezoelectric  sensors  have 
many  desirable  properties  that  can  be  utilized 
for  pollution  detectors. 

We  will  require  more  research  and  deve¬ 
lopment  on  the  physics  and  mechanics  of  piez¬ 
oelectric  crystals  as  applied  to  pollution 
sensors . 

We  will  need  better  manufacturing  tech¬ 
niques  for  crystals  to  meet  pollution  re¬ 
quirements  . 

We  will  have  to  develop  specific  coatings 
for  pollutants. 

We  will  need  low  cost  integrated  circuit 
oscillators  and  temperature  controllers. 

Standards  must  be  established  for  ana¬ 
lyzer  accuracy,  precision  response  and  se¬ 
lectivity. 

This  will  results  in  a  simple,  efficient 
and  low  cost  pollution  analyzer  that  can  be 
adapted  to  specific  requirements. 
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THE  STATE  OF  THE  ART  IN'  PIEZOELECTRIC  SENSORS 


W.  H.  King,  Jr. 

Esso  Research  and  Engineering  Company 
Linden,  New  Jersey 


Summary 

Under  careiuliy  controlled  conditions,  AT  cut 
crystals  can  detect  10"12  grams  of  deposit.  Therefore, 
it  is  not  surprising  that  quartz  crystal  resonators  of 
varying  descriptions  arc  used  as  microbalances.  This 
paper  will  focus  attention  to  the  many  uses  of  crystals 
other  than  for  filters  and  the  control  of  frequency. 

The  list  of  other  uses  includes  the  measurement  of  gas 
density,  pressure,  temperature,  strain,  oil  vapor  depo¬ 
sition,  metal  film  thickness,  dew  point,  interferometry, 
surface  area,  oxidation  of  elastomers,  corrosion  of 
metal,  radiosonde  humidity,  polymerization,  viscosity, 
vacuum,  power,  voltage,  current,  thermal  conductivity, 
and  volatility  of  asphalt.  A  number  of  sorption  detec¬ 
tors  have  been  developed  for  the  measurement  of  parti¬ 
cles,  humidity,  and  hydrocarbon  pollution  in  the  atmos¬ 
phere.  Other  sorption  detectors  now  exist  which  are 
capable  of  detecting  solvent  vapors  and  other  gaseous 
constituents. 


Introduction 


It  is  well  known  how  troublesome  contamination  in  a 
sealed  quartz  resonator  can  be  when  the  object  of  the 
game  is  stability.  Under  carefully  controlled  condi¬ 
tions,  AT  cut  crystals  can  detect  10"12  grams  of 
deposit. 1  Therefore,  it  is  not  surprising  that  quartz 
crystal  resonators  of  varying  descriptions  are  used  as 
microbalances.  This  paper  will  focus  attention  to  the 
many  uses  of  crystals  other  than  for  filters  and  the 
control  of  frequency.  The  list  of  other  uses  Includes 
the  measurement  of  gas  density,2  pressure, 2 
temperature,4  strain,6  oil  vapor  deposition,6  metal  film 
thickness,2  dew  point,8  interferometry,8  surface  area,10 
oxidation  of  elastomers, 11  corrosion  of  metal,12  radio¬ 
sonde  humidity,12  polymerization, 14  viscosity,*6 


vacuum,16  power,  volt 


current,  and  thermal 
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conductivity, ‘  and  volatility  of  asphalt.  .. 

number  of  sorption  detectors  have  been  developed16*20 
for  the  measurement  of  particles,  Immidltv,  and  hydro¬ 
carbon  pollution  in  the  atmosphere.-1  Other  sorption 
detectors  now  exist  which  are  capable  of  detecting  sol¬ 
vent  vapors  and  other  gaseous  constituents. 16 


Sorption  Detectors 

Sorption  detectors  are  made  by  coating  an  electrode 
with  a  material  that  can  sorb  the  gas  in  question. 

Thus,  the  more  gas  picked  up,  the  heavier  the  electrode 
gets  and  the  frequency  decreases.  Two  crystals  are 
used— one  coated.  The  other  is  either  sealed  or  un¬ 
coated  and  exposed  to  the  same  gas  and  temperature  as 
the  coated  crystal.  The  audio  frequency  difference  is 
used  ns  the  signal.  Crystals  without  purposely  applied 
coatings  are  slightly  sensitive  to  moisture  absorption 
in  the  manner  shown  by  Figure  1.  The  small  response 
shown  is  normally  swamped  out  when  a  special  coating  is 
applied  to  the  crystal.  The  type  of  coating  material 
defines  the  performance  of  the  detector  as  shown  by 
Figure  2.  Here  the  relative  absorption  for  water  on  mo¬ 
lecular  sieves,  polymers,  etc.,  is  shown  for  the  low 
range  (0-3%  relative  humidity).  Molecular  sieves  are 
most  sensitive  in  the  0-200  ppm  range.  The  signal  ob¬ 
tained  from  a  detector  with  20  KHz  of  molecular  sieve 
coating  will  be  2,000  Hz  at  100  ppm.  On  the  other  end 
of  the  scale  are  hygroscopic  liquid  coatings  whose  main 
virtue  is  good  linearity  but  limited  response  at  the 
low  end. 


A  water  detector  is  now  commercially  available  using 
crystals  coated  with  a  hygroscopic  polymer.24  For  air 
pollution,  twv  instruments  using  sorption  detector  crys¬ 
tals  are  already  developed.  One  is  for  ambient  air  hy¬ 
drocarbon  analysis  where  high  sensitivity  i.s  important, 
and  the  second  is  for  auto  exhaust  hydrocaroon  analysis 
where  speed  and  simplicity  are  important. 

Most  resonators  for  sensing  use  AT  cut  crystals  from 
4  to  10  MHz  of  various  dimensions.  Sorption  detectors 
operate  at  ambient  or  at  50°C  when  constant  temperature 
is  required.  Absolute  frequency  is  not  very  critical 
since  circuits  usually  contain  two  crystals  which  are 
trimmed  electrically  at  some  known  or  zero  condition. 

One  crystal  is  the  sensor  and  the  other  a  reference.  The 
audio  beat  note  between  the  two  is  the  output  signal.  In 
a  typical  application  a  sorption  detector  sensor  will  re¬ 
ceive  5  to  50  KHz  of  a  coating  over  the  center  RF  elec¬ 
trode.  The  larger  the  amount  applied,  the  larger  the 
sensitivity.  The  reference  is  nickel  plated  to  match 
+  1  KHz. 

Sorption  detectors  can  detect  muny  kinds  of  vapors 
depending  on  the  nature  of  the  coating  materials  used. 
Table  I  shows  the  responses  of  typical  units.  Detectors 
No.  1  and  2  were  designed  to  be  used  with  gis  chromatog¬ 
raphy.  The  response  speed  is  the  order  of  40  millisec¬ 
onds.  They  are  also  linear.  By  employing  these  two  de¬ 
tectors  and  a  thermal  conductivity  cell,  one  can  instan¬ 
taneously  analyze  the  gas  chromatograph  effluent  for 
boiling  point,  polarity,  and  concentration  of  eluent 
vapors.16  Silica  gel  (No.  '})  is  an  all-purnose  detector 
because  many  materials  are  absorbed  by  the  silica  gel. 

Its  response  is  a  little  slower  than  that  o."  Detectors  1 
and  2.  Detector  No.  4  is  a  hygroscopic  polymer  employed 
in  a  commercial  water  detector  which  is  especially  sensi¬ 
tive  in  the  low  range.24  Detector  No.  5  Is  not  sensitive 
to  water,  but  it  is  verv  sensitive  to  many  .inds  of  sol¬ 
vent  vapors.  A  leak  detector  was  made  employing  this 
sensor.  The  detector  Is  very  useful  in  finding  leaking 
fittings  on  apparatus  where  solvents  or  vapor  arc  con¬ 
tained  under  pressure.  Our  detector  is  emp.oyed  mainly 
to  find  leaks  on  gel  permeation  chromatographs  a-d  simi¬ 
lar  liquid  chromatography  equipment.  The  performance  of 
a  solvent  leak  detector  is  shown  by  Table  II. 

Integral  Heater  Sensors 

By  modifying  one  RF  electrode  into  a  resistance 
heater,  a  temperature  sensitive  AC  or  similar  cut  crystal 
becomes  a  transducer  and  can  be  used  to  measure  voltage, 
current,  power  and  thermal  conductivity.  Ii.  this  appli¬ 
cation  the  heater  is  a  wide,  meandering,  anc  closely 
spaced  film  having  a  resistance  of  10  ohms.  The  other 
electrode  is  a  normal  RF  electrode.  Figure  3  depicts  a 
typical  integral  heater  crystal.  The  crystal  can  be  AC 
cut  to  obtain  a  high  temperature  coefficient.  Typical 
response  to  electrical  current  is  shown  in  Tables  III  and 
IV,  The  sensor's  parameters  were  Fr  *  8924.97,  F32  ■ 
8932,75,  Rp  *  13  ohms,  Co  *  14  PF,  and  heattr  resistance 
12.8  ohms  at  25°C,  AC  cut,  9/.  5  in  O.D.  flat  plate,  wire 
clip. 


The  crystal  microbalance  has  had  sever. 1  space  ap¬ 
plications  such  ns  measuring  contamination  luildup  on  the 
exterior  of  spacecraft. 22  A  carbon  dioxide,  water  and 
dust  sensor  system  using  crystals  was  recently  developed 
for  use  on  the  1975-76  Viking  Mars  lander.  TMs  «>rk  is 
not  published.22 
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A  suiflde  dosimeter  was  developed  using  a  silver 
electrode  crystal  in  a  protective  but  porous  container. 

As  sulfide  in  the  air  tarnished  the  silver,  the  fre¬ 
quency  changed.  If  this  and  other  possible  personal  do¬ 
simeters  become  accepted,  a  large  market  could  result. 

There  Is  a  potential  for  large-ocale  uses  of  crys¬ 
tals  in  the  areas  of  air  pollution  measurements,  radio¬ 
sonde  balloons,  anesthesiology,  solvent  alarm  systems, 
dosimeters  and  miscellaneous  laboratory  applications. 

The  radiosonde  application  could  use  400,000  crys¬ 
tals  per  year.  In  this  application  one  crystal  could  be 
used  for  temperature — ona  for  humidity  and  a  third  for 
pressure.  All  three  systems  have  been  demonstrated  to 
be  superior  to  alternate  ways  of  sensing  these  variables. 
What  has  not  been  done  is  developing  the  capability  of 
making  100,000  complete  disposable  units  including  radio, 
multiplexer,  antenna,  sensors  and  container  for  about 
$35  each.  The  balloon  and  hydrogen  are  separate  items. 
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Table  I 


Typical  Data  Obtained  with  9  MHz  Sensors 


No. 

Coating  Material 

Sensitivity,  Hz/mol  2 

Hexane 

Benzene 

Hater 

Temperature 

°C 

1 

DC-200  Silicone  Oil 

117 

50 

0.1 

25 

2 

1,2,3-Tris-Cyanoethoxy  Propane 

2.3 

43 

200 

25 

3 

Silica  Cel 

116 

426 

2,000 

25 

4 

Hygroscopic  Polymer* 

0.0 

0.0 

300,000 

50 

5 

Rubbery  Polymer 

75 

138 

0.3 

39 

*  Sensitivity  Is  shown  for  the  10  ppm  range. 


Table  II 


Performance  of  a  Solvent  Leak  Detector 

Consisting  of  a  Polymer  Coated  9  MHz  Crystal 

Solvent  Vapor 

Sensitivity 

Meter  Deflection 
for  1/Wa/cc 

In  Air 

liz/ppm  (v/v  at  25'C) 

- yz* - 

2  of  Full  Scale 

Cl 

O.OOOJ 

0.002 

C2 

0.0013 

0.02 

C3 

0.006 

0.2 

nC^ 

0.019 

0.7 

nC$ 

0.064 

2.9 

"c6 

0.30 

16. 

Benzene 

0.50 

25. 

nCy 

1.15 

72. 

Toluene 

1.95 

112. 

nCg 

4.25 

303. 

lithyl  Benzene 

6.70 

444. 

o-Xylcne 

9.70 

642. 

nCg 

12.50 

1,000. 

Tr  lch lorobenzene 

75.0 

8,600. 

Perchloroethy?.ene 

5.0 

518. 

Chloroform 

0.5 

38. 

Tctrahydrofuran 

0.4 

19. 

Hater 

0.03 

0.3 

Ambient  noise  level  Is  0.1  Hz;  response  time  Is  less 
than  1  second  for  hexane  and  5  to  10  seconds  for 
trichlorobenzene. 
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Table  XXI 


AC  Cut  Integral  Heater  Electrical  Sensor 


Heater 

Condition 

Frejuency 

KHz 

Af 

Hz 

Power 

Watts 

n 

8924.973 

0 

0 

tm 

45 

0.0505 

8925.994 

1,021 

0.032 

1.38 

9 

0.100 

8929.465 

4,49, 

0.139 

2.09 

7 

0.1418 

8934.833 

9,860 

0.297 

2.72 

5 

0.1735 

8941.181 

16,208 

0.472 

1.15 

5 

0.1918 

8946.103 

21,130 

0.604 

m 

0.2098 

8955.039 

30,066 

0.842 

4.39 

5 

0.2345 

8962.695 

37,722 

1.030 

Table  XV 


8924.97 
8940.06 

8945.97 
8947.37 
8947.78 

8947.98 


EVALUATION  OF  CULTURED  QUARTZ  FOR  HIGH  PRECISION  RESONATORS 


B.  Capone,  A.  Kahan 

Air  Force  Cambridge  Research  Laboratories  (AFSC) 
Bedford,  Massachusetts  01730 
and 
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Sawyer  Research  Products 
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Introduction 

In  an  earlier  paper,  *  the  effects  of  electron 
irradiation  on  frequency  and  internal  friction  (Q*0 
were  reported  on  oscillators  fabricated  from  selected 
natural,  fast  rate  Z -growth  Ldiium  nitrite  and  lithium 
carbonate  doped,  Z -growth  electronic  grade,  swept 
Z -growth  electronic  grade,  and,  slow  Z -growth,  low 
impurity  quartz.  Measurements  were  performed  on 
5MHz,  5th  overtone,  high  precision  AT-cut  resona¬ 
tors  fabricated  by  Bliley  Electric  Co.  The  results 
showed  that  after  exposure  to  10  MeV  electrons  to  a 
final  dose  of  1  Mrad(Si), swept  Z-growth  electronic 
grade  quartz  exhibited  the  highest  frequency  stability 
with  no  cessation  of  oscillation  during  irradiation. 
Also,  little  change  was  noted  from  the  pre-irradiation 
internal  friction  spectrum.  The  small  observed  fre¬ 
quency  change  was  positive  and  in  the  order  of  0.02 
ppm.  The  worst  of  the  materials  possessed  freque  :• 
cy  changes  up  to  10  ppm  and  gross  changes  in  inte.nil 
friction.  In  all  cases  there  was  evidence  for  a  direct 
correlation  between  frequency  deviation  and  changes 
in  internal  friction. 

Tiie  possibility  of  fabricating  resonators  that 
exhibit  no  frequency  change  or  stoppage  d'  ring 
irradiation  from  an  "as  grown"  materia’  would  alle¬ 
viate  the  need  for  the  expensive,  poorly  understood, 
and  sometimes  unreliable  clectroi/si..  (weeping) 
process.  This  investigation  concern  >  ..n  evaluation 
of  a  cultured  quartz  combining  sewra.  improved 
crystal  growth  features  of  the  previously  measured 
quartzes. 

"Premium  Q  Grad  .-"Quartz 

This  study  describes  the  characteristics  of 
"Premium  Q  grade"  cultured  quartz,  from  Sawyer 
Research  Products.  Rigid  controls  of  pertinent 
growth  parameters  yielded  material  with  Q  values 
as  high  as  3  x  10”.  The  distinguishing  factors 
affecting  the  growth  of  this  quartz  start  witli  the 
selection  of  good  raw  material.  Lithium  was  in¬ 
cluded  in  the  growth  solution  and  a  slow  growth  rate 
along  with  special  controls  on  absolute  temperature 
and  temperature  gradients  between  the  dissolving 
and  growth  chambers  was  utilized  Thus,  the  smooth 
transition  without  overshoot  from  room  temperature 
to  operating  temperature  results  in  an  unproved 
heat-up  sequence  and  an  improved  join  between  the 
feed  and  the  new  material. 

Experiment 

The  experimental  procedures  for  measuring  in¬ 
ternal  friction  and  for  the  irradiation  and  frequency 
monitoring  are  as  ureviously  discussed.  *  Q"‘ 


measurements  were  made  using  a  transmission  tech¬ 
nique  whereby  the  output  amplitude  of  the  resonator 
was  displayed  as  ii  function  of  frequency. 

Irradiations  were  performed  at  the  AFCRL  Linear 
Accelerator,  fwo  resonator  units  were  subjected  to 
10  MeV  electrons  in  a  4. 5  usee,  pulse  to  a  dose  of 
1  Mrad(Si).  The  oscillator  frequency  and  amplitude  was 
monitored  during  each  pulse.  The  limit  of  accuracy 
for  tlie  frequency  measuring  system  is  0.O2  ppm.  After 
internal  friction  measurements  were  performed  from 
1. 2  to  400°K,  tilt  dosage  was  increased  tc  10  Mrad(Si). 

Frequency  Results 

The  accumulated  frequency  offset  of  tl  e  irradiated 
resonators  after  1  Mrad(Si)  was  3Hz  or  0.  6  ppm  and 
negative  .  A  plot  of  accumulated  offset  at  a  function 
of  dose  is  shown  in  Figure  1  along  with  the  offsets  for 
selected  natural,  lithium  doped  cultured  quartz  from 
Western  Electric,  and  "High  Q  grade"  cultured  quartz 
al  ,o  from  Sawyer  Research  Products.  Selected  natural 
quartz,  at  this  dosage  has  a  negative  offset  of  about 
20Hz.  Offsets  as  high  as  5011z  have  been  measured  on 
unselected  naturaj  quartz  in  this  laboratory  whereas 
Poll  and  Ridgway"  report  values  about  40Hz.  The 
accumulated  offset  for  Western  Electric  fast  growth 
lithium  doped  cultured  quartz  is  negative  and  about 
40Hz,  and  High-Q  quartz  exhibits  a  positive  offset  of 
18Hz.  The  best  material  measured  to  date  is  still 
swept  electronic  grade  cultured  quartz  with  a  positive 
frequency  offset  of  about  0.  lllz.  or  0.  02  ppm. 

After  each  radiation  pulse.  Premium  Q  quartz 
resonators  stopped  oscillating  for  short  time  periods 
(10-2G  seconds).  Under  identical  experimental  con¬ 
ditions  of  oscillator  circuit,  temperature  control,  and 
frequency  monitoring  techniques,  neither  swept  elec¬ 
tronic  nor  High-Q  quartz  oscillators  stoiued.  However 
all  natural  and  lithium  doped  quartzes  did  cease  func¬ 
tioning  for  similar  time  periods  (10-30  seconds).  It  is 
reasonable  to  assume  that  the  inclusion  ol  lithium  in  the 
growth  solution  may  contribute  to  the  stoppage  of 
oscillations  during  irradiation.  Consequently, 

Premium  Q  quartz  is  an  improvement  over  all  un¬ 
treated  quartz  in  terms  of  frequency  stability,  but  not 
in  terms  of  cessation  of  oscillations. 

internal  Friction  Results 

Internal  friction  measurements  on  tlm  material 
indicate  Q  values  are  in  the  range  of  2.  8  t  >  !  x  10”  at 
normal  operating  temperatures  as  a  5M1L  ,  ;>th  over¬ 
tone,  high  precision  AT-cut  resonator.  I  nder  the  same 
experimental  conditions,  typical  values,  for  similar 
resonators  are  in  the  range  of  2.  5  x  10”.  Investigations 
of  internal  friction  from  4.2°K  to  400°K  plotted  in 
Figure  2  as  Q'*  vs  temperature  indicate  t.iat  the  region 


lo> 


of  High-Q  extends  from  170°K  to  400°K  and  is  limited 
on  the  low  temperature  end  cf  this  range  by  coupling 
to  other  modes  of  oscillation.  This  coupling  is 
inherent  to  AT-cut  resonators  and  is  associated 
with  the  angle  of  the  cut.  *  Measurements  were  termi¬ 
nated  at  400°K  to  prevent  possible  mechanical  damage 
to  the  oscillator  package  (solder  joints,  supporting 
members,  etc. ). 

At  the  low  temperature  end  of  the  range  the  50°K 
loss  peak  attributed  to  sodium  impurities  is  small, 
there  is  a  hump  at  approximately  30°K  probably  aris¬ 
ing  from  phonon- phonon  interaction,  and  the  loss 
decline  from  20°K  to  4.  2°K  is  another  indication  of 
High-Q  (*>  2.  5  x  107  at  4.  2°K). 

Figure  3  shows  a  comparison  of  the  Q'*  spectra 
of  the  materials  compared  in  Figure  1.  Selected 
natural  and  fast  growth  lithium  doped  quartz  exhibit 
the  high  temperature  tail  associated  with  alkali  im¬ 
purities  in  certain  positions,  this  tail  (actually  the 
low  end  of  the  750°  loss  peak)  is  absent  in  Premium 
Q  quartz  and  High-Q  quartz.  The  50°K  loss  peak  is 
small  in  selected  natural  and  fast  growth  lithium 
doped  quartz  as  well  as  in  Premium  Q  quartz,  while 
High-Q  quartz,  on  the  other  hand,  has  a  large  50°K 
loss  peak.  It  is  believed  the  lithium  doping  is 
responsible  for  this  reduction.  The  growth  rate  in 
High-Q  and  Premium  Q  quartz  was  slow  enough  to 
prevent  the  formation  of  the  high  t-  mperature  tail 
but  not  slow  enough  to  inhibit  the  browth  of  the  50°K 
loss  peak  in  High-Q  quartz.  The  phonon-phonon  peak 
is  not  as  pronounced  in  the  other  quartzes  as  in 
Premium  Q.  The  low  temperature  decline  found  in 
both  High-Q  and  Premium  Q  quartz  is  another  signa¬ 
ture  of  slow  growth. 

Figure  3  also  shows  a  plot  of  post -irradiated  Q"* 
spectra.  After  irradiation,  the  internal  friction  of 
Premium  Q  quartz  shows  no  significant  changes.  The 
very  low  temperature  decline  ».•  unchanged,  the  small 
50°K  loss  peak  i3  further  reduced  ard  the  overall 
background  is  just  slightly  above  the  pre-irradiation 
level.  Natural  and  fast  growth  lithium  doped  quartz 
develop  broad  loss  peaks  in  the  200°  -  300°K  tempera¬ 
ture  region  and  losses  are  also  induced  at  approxi¬ 
mately  10°K.  The  only  appreciable  change  m  High-Q 
quartz  is  the  lowering  of  the  50°K  loss  peak. 

Premium  Q  was  developed  to  try  to  combine  the 
best  features  of  High-Q  quartz  and  lithium  doped 
quartz  namely  the  absence  of  a  50°K  loss  peak,  the 
elimination  of  the  high  te.-nperature  tail,  and  the 
prevention  of  the  radiation  induced  band  in  the  200°  - 
300°K  temperature  region.  To  this  end  the  product 
is  successful  and  to  a  degree  a  better  radiation 
hardened  material  than  all  but  swept  electronic  grade 
quartz. 


'■'her  ntcristicsAeove  1  Mrad(Si) 

Figurt  i  sh""vs  an  expanded  plot  of  frequency  off¬ 
set  of  Premium  0  with  the  do-e  to  5  Mrad.Si).  The 
offset  levels  off  between  0.  7  and  0.  9  x  1C Rads(Si) 
suggesting  that  saturation  may  be  taking  place.  After 
maintaining  a  constant  frequency  output  for  16  hrs.  af¬ 
ter  the  initial  iirabiuticn,  the  dosage  was  increased  to 
o  Mrad(Si).  The  fr'-uiencv  deviations  now  changed  to 
a  positive  direction  nd  reached  a  value  only  0.7112 
below  the  pre-irradia>  ior.  -requency.  After  each  pulse 
the  resonators  stopped  o'1  dialing.  Recovery  times 
were  up  to  35  seconds  fo'-  *!.*e  resumption  of  oscilla¬ 
tions.  Full  amplitude  was  veiled  after  l  minutes. 
After  this  irradiation  Q‘*  has  neen  remeasured  with 
the  only  noticeable  change  being  a  further  reduction  of 
the  50°K  loss  peak.  Subsequent  measurements  of 
frequency  oifset  to  a  dosage  of  10  Mi  ad(Si)  showed  signs 
of  partial  annealing  from  the  heating  to  400°K  during 
Q'*  measurements.  The  trend,  however,  "as 
definitely  toward  positive  frequency  offset:,  after  an 
initial  level  region. 

Returning  to  Figure  2  we  see  that  except  for  the 
almost  complete  elimination  of  the  50'^  loss  peak, 
changes  in  Q‘>  after  10  Mrad(Si)  are  not  s.6nificantly 
different  from  the  changes  after  1  Mrad(Si).  The  high 
temperature  region  of  the  Q'^  spectrum  was  again 
raised  slightly  and  the  small  peak  near  30°K  is  in¬ 
creased  very  little.  It  is  interesting  to  note  that  up  to 
10  Mrad(Si)  no  saturation  of  the  accumulated  frequency 
offset  has  taken  place. 


Resonators  fabricated  lrom  Premium  Q  quartz  will 
function  as  high  precision  devices.  The  special  pre¬ 
cautions  taken  during  its  growth  to  control  tempera¬ 
tures  and  starting  materials  has  resulted  in  an  improve¬ 
ment  in  the  quality  of  cultured  quartz.  Litnium  doping 
as  found  in  Western  Electric  Cultured  quartz  reduces 
the  50°K  loss  peak  and  contributes  to  the  nigh  Q  of  the 
material.  The  slow  growth  process  eliminates  the 
higher  temperature  alkali  losses  and  is  responsible  for 
the  extremely  high  Q  at  lower  temperatures.  Although 
the  Inclusion  of  lithium  leads  to  stoppage  ol' oscillations 
during  irradiation,  the  overall  frequency  stability  is 
next  best  to  swept  electronic  grade  cultured  o  -artz.  It 
is  the  slight  increase  in  background  losses  that  is 
responsible  for  the  small  negative  frequency  offset 
during  irradiations  to  1  Mrad(SP. 

The  high  Q  value  achieved  over  such  a  large  temper¬ 
ature  range  indicates  an  approach  to  the  practical  if 
not  the  theoretical  limit  of  Q  for  cultured  quartz. 
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Clark  for  assistance  in  the  experimental  phase  of  *he 
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Summary 

A  holographic  method  of  studying  the 
vibration  modes  of  piezoelectric  resonators 
is  described.  This  methoc  was  applied  to  the 
measurement  of  the  vibration  displacement 
distributions  of  the  length  extensional  mode 
and  the  length-width  flexural  mode  of  rectan¬ 
gular  quartz  plates.  Fairly  good  agreement 
was  obtained  between  calculations  and  measure¬ 
ments,  and  it  was  verified  that  this  method  can 
be  applied  tj  t..e  quantative  measurement  of 
the  contour  modes  of  vlbratlcr. 

As  an  example  of  tne  application  of  this 
method  to  vibrating  objects  having  a  relatively 
complicat'  d  structure,  measurement  was  made  on 
the  spurious  modes  of  electromechanical  filters 
made  of  several  bending  resonators  coupled 
with  each  other.  As  a  result,  it  became  clear 
that  there  are  two  types  of  <purlous  modes 
which  resemble  the  twist  mode  and  the  bending 
mode  of  a  rectangular  plate. 

It  is  concluded  from  these  results  that 
the  holographic  method  can  be  of  great  help  in 
the  vibration  study  of  piezoelectric  resonators. 

Introduction 

The  holographic  measurement  method  of 
vibration  displacement  distribution  is  one 
variation  of  the  optical  Interferometric  method. 
The  observation  of  the  vibration  modes  of 
quartz  plates  by  means  of  the  optical  inter¬ 
ferometric  method  was  made  by  several  workers 
about  iiO  years  ago.1  However,  the  adjustment 
of  the  measurement  setup  was  very  delicate  in 
the  previous  method.  Moreover,  a  resonator 
used  for  the  experiment  had  to  have  an  optical 
flat  surface.  After  the  Invention  of  the  gas 
laser,  the  observation  of  a  vibrating  metal 
disk  having  a  oaf fuse  surface  was  made  by  means 
of  a  holographic  technique  by  Powell  and  Stet¬ 
son,2  and  it  was  shown  that  the  disadvantages 
of  the  classical  Interferometric  method  can  be 
eliminated  by  the  use  of  holography. 

The  authors  applied  the  holographic  method 
to  various  types  of  resonators,  and  verified 
that  this  method  can  be  of  great  help  in  the 
vibration  study  of  piezoelectric  resonators. 

Measurement  Method 

The  measurement  method  used  Is  illustrated 
in  Figures  1  ( a )  and  (b).  First,  an  enlarged 
laser  beam  was  projected  onto  a  mirror  and  a 
resonator  having  a  lapped  surface.  The  ref¬ 
lected  beam  from  the  mirror  acted  a3  a  refe¬ 
rence  beam,  and  a  part  of  the  scattered  ref¬ 
lected  beam  from  the  resonator  became  a  signal 
beam.  The  two  beams  reached  j  hleh-resolutlon 
photographic  plate  as  shown  Ir  Figure  1  (a), 
and  the  interference  pattern  was  recorded  In 
the  plate.  The  developed  ph>topraphlc  plate 
is  called  a  hologram.  Next,  the  resonator  was 
removed  and  the  hologram  was  pla  -od  In  the 
initial  position  as  shown  In  Figure  1  ( i>  > . 


Then,  the  reference  beam  was  diffracted  by  the 
hologram,  and  the  original  signal  beam  was 
reproduced.  As  a  result,  the  three-dimensional 
reconstructed  image  of  the  resonator  could  be 
observed  at  the  initial  position  through  the 
hologram.  This  reconstructed  image  could  also 
be  photographed  by  a  camera.  The  picture  of 
the  image  was  completely  identical  with  the 
picture  obtained  direcuiy  by  usual  photography. 
Figure  2  (a)  is  an  example  of  the  reconstructed 
image  of  a  resonator  in  a  stationary  state. 

This  resonator  is  a  5°  X-cut  crystal  unit  for 
a  lattice  type  crystal  filter,  therefore,  the 
evaporated  electrodes  were  divided  at  the  center. 
The  two  dark  lines  In  the  lower  part  of  the 
crystal  surface  in  Figure  2  (a)  are  the  shadows 
of  the  supporting  wires.  Another  reconstructed 
image  of  the  same  crystal  unit  is  shown  in 
Figure  2  (b).  In  this  case,  the  crystal  plate 
was  excited  in  its  fundamental  length  extens to¬ 
nal  mode,  and  a  pattern  of  dark  frlrges  appe¬ 
ared  In  the  reconstructed  image.  The  relation 
between  the  pattern  of  dark  fringes  and  the 
distribution  of  vibration  displacement  was 
discussed  already  by  Powell  and  Stetson. 2 

When  a  resonator  is  vibrating,  the  signal 
beam  receives  phase-modulation  by  the  periodic 
change  of  the  optical  path  length.  The  ampli¬ 
tude  of  the  phase  change  of  the  slgral  beam  Is 
given  by 

$(p)  =  — .  (ccsOj+cosSp)  U(p)  (1) 

where  X  is  the  wavelength  of  the  later  beam, 

0.  or  0  the  angle  between  the  direction  of  th 
vibration  itsplacement  and  the  lnciccnt  beam 
or  the  reflected  beam  respectively,  U(p)  the 
amplitude  of  the  vibration  dlsplacenent  at  an 
arbitrary  point  p  on  the  plate  surface.  Then, 
the  dark  fringes  appear  on  the  plate  surface 
of  the  reconstructed  image  where  the  following 
equation  is  satisfied. 

J0[*(P>]  =  0  \2) 

where  Je  is  the  zero  order  Bessel  function. 

The  amplitude  of  the  vibration  displacement, 
U(p),  Is  zero  at  a  node,  therefore,  the  loca¬ 
tion  of  a  node  appears  as  the  brightest  portion 
In  an  image  independently  of  or  6r,  the 
angle  between  the  displacement  direction  and 
the  Incident  beam  or  the  reflected  team.  If 
and  0r  are  constant  all  over  the  surface  of 
a  plate,  a  pattern  of  dark  fringes  can  be 
Interpreted  as  a  displacement  distribution 
pattern,  and  Un,  the  displacement  anplltude  at 
the  location  of  the  nth  dark  fringe  counted 
from  the  brightest  portion  in  the  inage,  can 
be  calculated  from  the  following  equation. 


(2n/XUcos6  j  +  cos6r) 
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{Ucose^+cosOj.) 

In  Equation  3,  an  is  the  nth  root  of  J0=  0. 

Experimental  Apparatus 

The  experimental  setup  consisted  mainly 
of  a  He-Ne  gas  laser,  a  collimator,  an  optical 
turntable,  a  mirror,  and  a  camera  with  a  stan- 
dared  lens  or  a  telephoto  lens.  The  collimator 
was  used  for  the  enlargement  of  the  beam  cross- 
section.  The  optical  turntable  was  originally 
a  part  of  an  optical  spectrometer,  and  was 
used  for  the  adjustment  of  the  direction  of 
the  incident  beam  upon  the  surface  of  the  reso¬ 
nator  so  as  to  obtain  a  distribution  pattern 
of  the  displacement  component  in  a  particular 
direction.  A  camera  with  a  telephoto  lens  of 
200  mm  focal  length  was  used  for  taking  a  pic¬ 
ture  of  a  reconstructed  image  from  a  relatively 
long  distance  so  as  to  make  9r,  the  angle  bet¬ 
ween  the  displacement  direction  and  the  reflec¬ 
ted  oeam,  almost  constant.  As  high-resolution 
photographic  plates  for  making  holograms,  East¬ 
man  Kodak  61)9P  plates  were  used. 

Experimental  Results 

In  order  to  evaluate  the  accuracy  of  the 
measurement  of  the  vibration  displacement  in 
the  surface  direction  of  the  resonator,  the 
displacement  distribution  of  a  simple  vibratlcn 
mode  was  measured  and  compared  with  the  calcu¬ 
lated  distribution.  The  length  extenslonal 
mode  of  a  thin  -18.5°  X-cut  quartz  plate  was 
used  as  this  mode  is  very  close  to  an  ideal 
one-dimensional  vibration.  The  dimensions  of 
the  quartz  plate  were  Ao.O  by  3-75  by  0.80  mm, 
and  the  resonance  frequency  of  the  extenslonal 
mode  was  63-9  kHz.  Figures  3  (a)  and  (b)  arc 
the  reconstructed  images  showing  the  displace¬ 
ment  distributions  with  the  crystal  drive  cur¬ 
rents  of  1  mA  and  2  mA.  The  positions  of  the 
dark  fringes  in  these  images  were  measured  c-..d 
plotted  in  Figure  3  (c).  The  calculated  dist¬ 
ributions  are  also  sh>.  wn  3r.  the  same  figure  as 
the  solid  lines.  A  saclsfactly  agreement  was 
obtained,  and  the  estimated  error  was  less 
than  53!. 3 

Next,  the  capability  of  the  measurement 
of  the  displacement  component  in  a  particular 
direction  was  examined  by  measuring  the  distri¬ 
bution  patterns  of  the  lengthwise  displacement 
and  the  wldthwise  displacement  of  the  second 
overtone  length-width  flexural  mode  of  a  -18.5° 
X-cut  plate.  The  dimensions  of  the  plate  were 
1)0.0  by  3*75  by  0.80  mm,  and  the  resonance 
frequency  of  the  second  overtone  length-width 
flexural  mode  was  32.0  kHz.  The  quartz  plate 
was  supported  at  the  center,  and  the  evaporated 
electrodes  were  divided  skew-symmetrlcally  for 
excitation  at  its  second  overtone  mode.  The 
reconstructed  images  of  this  mode  are  shown  in 
Figures  <t  (a)  and  (b).  For  the  measurement  of 
(a)  and  (b),  the  Incident  beam  was  projected 
upon  the  plate  surface  from  the  length  direc¬ 
tion  or  the  width  direction  respectively.  In 
Figure  4 ,  the  calculated  patterns  are  shown 
for  comparison,  and  in  this  case  also  the 
agreement  was  fairly  good. 3 

As  an  example  of  the  application  of  the 
holographic  method  to  vibrating  objects  having 
a  relatively  complicated  structure,  the  mea¬ 
surement  was  made  of  various  modes  of  electro¬ 


mechanical  filters  made  of  several  bending 
metal  resonators  coupled  with  each  other. 

Figure  5  (a)  is  the  reconstructed  image  of  a 
l)-element  mechanical  filter  in  a  stationary 
state.  The  dimensions  of  the  bending  resona¬ 
tors  were  70  by  4 . 0  by  1.7  mm.  The  :enter 
frequency  of  the  pass  band  of  the  filter  was 
i860  Hz,  and  the  band  width  was  100  lz.  On  the 
other  side  of  the  two  resonators  at  ithe  two 
ends  of  the  filter,  a  ferroelectric  ceramic 
wafer  was  attached  as  the  electromechanical 
transducer.  Figure  5  (b)  is  the  reconstructed 
image  of  the  same  filter  showing  the  displace¬ 
ment  distribution  in  the  pass  band.  In  the 
case  of  the  mechanical  filters,  the  incident 
beam  was  projected  fr^m  the  perpendicular  to 
the  filter  surface  so  as  to  measure  the  vibra¬ 
tion  displacement  perpendicular  to  tne  surface. 
From  Figure  5  (b),  it  can  be  easily  understood 
that  the  resonators  were  coupled  wltn  each 
other  at  the  nodes  of  the  bending  mode.  Figures 
6  (a)  and  (b)  are  the  reconstructed  images  of 
the  spurious  modes  which  appeared  in  the  lower 
side  and  the  upper  side  of  the  pass  band.  From 
the  locations  of  the  brightest  portions  and 
the  distribution  of  the  dark  fringes,  It  became 
clear  that  these  spurious  modes  resemble  the 
fundamental  mode  and  the  second  overtone  mode 
of  the  twist  vibration  of  a  rectangular  plate 
as  shown  in  Figure  6.  It  was  found  also  that 
there  is  another  series  of  spurious  modes  which 
resembles  the  bending  vibration  of  a  rectan¬ 
gular  plate.  In  this  series,  the  deformation 
of  the  filter  occurs  mainly  by  bending  defor¬ 
mation  of  the  coupling  metal  rods.  From  these 
results,  a  way  of  rejecting  spurious  responses 
was  established. ** 

Conclusion 

It  is  concluded  from  the  experimental 
results  that  the  holographic  measurement  method 
of  vibration  displacement  distribution  has  the 
following  advantages  in  comparison  with  the 
classical  optical  Interferometric  method. 

(1)  The  q1.'  .atlve  measurement  of  ths  displace¬ 
ment  component  distribution  resolved  in  a 
particular  direction  can  be  made  on  the  so- 
called  contour  modes  of  vibration  such  as 
the  extenslonal  mode  ar.d  the  flexural  mode. 

(2)  The  measurement  of  the  displacement  distri¬ 
bution  can  be  made  also  on  the  vloratlon 
modes  of  the  composite  vibrating  systems  of 
planar  structures  such  as  the  electromecha¬ 
nical  filters  made  of  several  bending  reso¬ 
nators  coupled  with  each  other. 

(3)  It  is  not  necessary  to  polish  th  surface 
of  a  resonator  to  optical  flatness.  The 
measurement  can  be  made  on  a  resonator  with 
the  usual  lapped  surface. 

References 

1.  H  Osterberg,  "An  interferometric  method  cf 
studying  the  vibrations  of  an  osclllittlng  quartz 
plate",  J.Opt.Soc.Amer. ,  22,  p.19  (Jan.  1932) 

2.  R.L. Powell  and  K. A. Stetson, "Interferometric 
vibration  analysis  by  wavefront  reconstruction" 
J.Opt.Soc.Amer.,  55,  p • 1539  (Dec.  19(5) 

3.  Y.Hlrose,  Y.Tsuzukl  and  K.IiJlma,  'Measure¬ 
ment  of  contour  vibrations  of  quar.z  plate  ty 
the  holographic  technique",  Trans. IECE  of 
Japan,  53-A,  p.3?2  (June  1970) 

6.  Y.Tsuzukl,  Y.Hlrose,  S.Takada  and  K.IiJimi, 
"The  holographic  Investigation  of  the  spuri¬ 
ous  modes  of  the  mechanical  filter.",  Tran.  . 
IECE  of  Japan,  R^-A,  p.155  (March  *9711 


116 


PHOTOGRAPV  1C 
PLATE 


HOLOGRAM 


X)  CAMERA 

(A)  HOLOGRAM  FORMATION  (B)  RECONSTRUCTION 

FIG.  I  HOLOGRAPHIC  MEASUREMENT  METHOD  OF  VIBRATION  MODE 


FIG.2  RECONSTRUCTED  IMAGES  OF  A  5°X-CUT  CRYSTAL  UNIT 


FIG. 3  DISPLACEMENT  DISTRIBUTION  OF  THE  EXTENSIONAL 
MODE  OF  A  -1 8,3“  X-CUT  PLATE 

IAMBI  RECONSTRUCTED  IMAGES 

(Cl  MEASURED  ANO  CALCULATED  VALUES 


(A)  LENGTHWISE  DISPLACEMENT  <B>  WIDTHWISE  DISPLACEMENT 


FIG  .4  RECONSTRUCTED  IMAGES  AND  CALCULATED  PATTERNS 
OF  THE  SECOND  OVERTONE  LENGTH" WIDTH 
FLEXURAL  MODE 


(A)  STATIONARY  STATE 


(B)  VIBRATION  MODE 


IN  THE  PASS  BAND 
I860  Hr  ) 


FIG. 6  RECONSTRUCTED  IMAGES  OF  A  4- ELEMENT 
MECHANICAL  FILTER 


NODAL  LINE 


(A)  FUICAMENTAL  TWIST  MODE 
I  I  4  3  9  Hi  ) 


(B)  SECOND  OVERTONE  TWIST  MODE 
12552  Hi  ) 


FIG.  6  SPURIOUS  MODES  OF  A  MECHANICAL  FILTER 


1  17 


STUDY  OF  FREQUENCY  CONTROL  DEVICES  IN  THE 
SCANNING  ELECTRON  MICROSCOPE 

R.  J.  Gerties  and  C.  E.  Wagner 

Georgia  Institute  of  Technology 
Atlanta,  Georgia  30332 


Sucroary 

Resonating  quartz  crystals  which  were  actual  fre¬ 
quency  control  devices  were  studied  by  a  novel  technique, 
scanning  electron  microscopy.  During  resonance  various 
modes  of  thickness-shear,  face-shear,  flexure  and  ocher 
coupled  modes  became  directly  observable  In  the  scanning 
electron  microscope  (SEM).  The  influence  of  surface  de¬ 
fects  on  the  resonance  behavior  of  the  quartz  crystals 
was  studied  and  the  lattice  strain  associated  with  reso¬ 
nance  coulo  be  assessed.  Approximate  values  for  the 
amplitudes  of  face-shear  and  thickness-shear  could  be  ob¬ 
tained  directly  from  the  scanning  electron  micrographs. 

The  resonators  consisted  of  SL-  and  AT-  cut  quartz 
slices  commonly  used  in  frequency  control  devices.  The 
quartz  surfaces  did  not  have  any  conductive  coating  other 
Chan  conventional  thin  film  electrodes.  The  experiments 
were  carried  out  in  the  vacuum  of  the  SEM,  usually  10_t' 

Co  10*‘  torr. 

When  the  crystals  were  resonated  at  frequencies 
ranging  from  .’65  KHz  co  15  MHz  characteristic  patterns 
of  stark  black  and  white  contrast  were  obtained.  Bright 
areas  on  the  scanning  electron  micrographs  Indicated  the 
region  of  an  anclnode  of  displacement,  whereas  areas 
which  appealed  dark  or  black  In  the  scanning  electron 
micrographs  coincided  with  the  nodes  of  displacement. 

The  degree  of  black  and  white  contrast  was  affected 
by  defects  in  the  crystal  surface  and  by  the  drive  level 
of  the  oscillator.  Y-  modulation  of  the  secondary  elec¬ 
tron  signal  provided  a  suitable  method  of  measuring  con¬ 
trast  as  a  function  of  drive  level  and  of  defects. 

While  the  observed  contrast  was  Indicative  of  the 
various  states  of  electrical  polarization  on  the  c-ystal 
surface!,  details  or  surface  topography  also  gave  a 
direct  Indication  of  the  amplitudes  of  displacement  in 
the  case  of  face-  and  thickness-shear.  The  direction  and 
range  of  motion  of  various  topographical  features  could 
actually  be  observed  In  the  SEM  as  a  function  of  drive 
level  and  frequency  of  excitation. 

Key  WorJs 

Scanning  Electron  Microscopy,  Quartz  Crystal  Resonators, 
Voltage  Contrast,  Vacuum. 

Introduction 

Ihe  scanning  cleccron  microscope  <SEM>  provides  a 
novel  experimental  approach  to  the  study  of  piezoelectric 
materials  which  are  actual  frequency  control  Jevicos.  A 
finely  focused  electron  beam  Is  scanned  over  the  speci¬ 
men  surface  In  a  square  raster  and  produces  x-ra"s,  heat, 
cat h odolummescence ,  backscattered  pr'mary  electrons  and, 
In  particular,  secondary  electrons.  The  usually  recorded 
scanning  election  microscope  Images  are  produced  pri¬ 
marily  by  backscattered  and  secondary  electrons.  The 
effective  secondary  electron  yield  Is  a  function  af  a 


number  of  factors,  such  as  energy  of  the  incident  elec¬ 
tron  beam,  specimen  surface  topography,  ant  specimen  sur¬ 
face  potential.  Insulators,  such  as  quarts,  have  second¬ 
ary  electron  yields  which  may  be  as  high  nt  20  secondaries 
per  incident  20  KV  primary  electron.  Raplc  depletion  of 
electrons  in  the  neighborhood  of  the  specimen  surface 
produces  "charging",  often  positive  charging  relative  to 
the  Incident  electron  beam.  The  secondary  electron  yield 
for  metals  by  comparison  Is  much  lower,  friqucntly  It  is 
less  than  1.  More  favorable  conditions  arc  obtained  for 
the  study  of  insulators  when  low  (1  to  2  KV) 
incident  beam  voltages  arc  used.  Under  suib  conditions 
the  secondary  yield  approaches  approximate, y  1  and 
"charging"  is  generally  not  observed.  It  is  of  course 
understood  that  specimen  surfaces  dlscusscc.  in  this  con¬ 
text  do  not  have  the  conductive  surface  film  which  is 
usually  applied  for  SEM  studies  of  non-concucting  mate¬ 
rials. 

S'-rface  topography  contributes  significantly  to  the 
contrast  (l.e.,  secondary  cleccron  yield  at  n  function  of 
surface  detail)  usually  obseivcd  on  scanning  electron 
micrographs.  But  on  quartz  surfaces  which  do  not  show 
much  surface  detail  at  magnifications  below  5,000  x,  this 
contrast  mechanism  Is  of  little  Importance,  especially 
since  the  greater  part  of  the  present  ctudies  was  con¬ 
ducted  at  magnifications  of  only  20  or  10  The  contrast 
observed  on  resonating  quartz  crystals  Is  therefore  not 
produced  by  specimen  surface  topography  but  by  variations 
in  surface  charges  which  arc  formed  during  resonance. 
Electrically  charged  surfaces  significantly  affect  sec¬ 
ondary  emission  characteristics,  as  was  der onstrated  by 
Everhart1  and  Nixon1.  This  voltage  contrast  has  been 
particularly  useful  for  investigations  of  Integrated  cir¬ 
cuits  and  semiconductors.  The  direct  observation  of 
electric  fields  with  the  SEM  was  also  repotted  by  Splvak 
and  coworker?3  who  investigated  quartz  and  lithium  nlobntc 
resonators  which  had  been  coated  with  germanium.  Gerdes 
and  Wagner*  demonstratid  that  it  is  possible  to  study 
quartz  crystal  resonators  which  are  actual  frequence  con¬ 
trol  devices  without  any  conductive  surface  coating.  As 
discussed  above  it  is,  however,  advisable  to  utilize  an 
incident  beam  voltage  oi  only  1  or  2  KV  to  avoid  "charg- 
ing". 

Ultrasonic  vibrational  modes  in  quartz  crystal  r< se¬ 
nators  have  also  been  studied  by  a  variety  of  other  meth¬ 
ods,  The  probe  method*  lias  led  to  information  about 
surface  polarization  o|  stinted  quartz  crystals.  Light 
optical  methods  haw-  contributed  information  on  suriacc 
displacements  of  resonating  irystals.  !mag-s  of  strain 
variations  along  their  various  crystal  login >hic  ulrcctions 
have  been  produced  by  x-ray  dilfraction  topography 

In  the  present  work  it  is  shown  that  qiartz  resona¬ 
tors  which  are  actual  irequenev  control  devices  nay  be 
studied  in  the  conventional  SFM  without  the  usually  re¬ 
quired  specimen  surface  preparations.  Uompjred  to  sever¬ 
al  of  the  above  mentioned  methods  the  studios  are  carried 
out  In  the  vacuum  of  ll.e  SEM,  limited  only  oy  ;hc  type  of 
vacuum  pumps  used  In  the  micro- cope.  Ihe  1 nagt  of  ihe 
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resonating  quartz  crystal  Is  obtained  Instantaneous ly 
In  the  SEM.  Furthermore,  quantitative  analysis  of  the 
observed  contrast  and  therefore  also  of  strain  variations 
at  the  specimen  surface  Is  possible  by  suitable  signal 
processing.  The  possibilities  of  signal  processing  rep¬ 
resent  probably  the  real  advantage  In  the  uso  of  the  SEM. 

At  high  magnifications  It  la  possible  to  display 
directly  surface  displacements  parallel  to  the  surface 
as  a  function  of  drive  level  various  surface  defocta,  and 
various  modes  of  resonances. 

Experimental  Procedures 


Conventional  SL-  and  A'.'-cut  quartz  crystal  resona¬ 
tors  were  used  ir  these  studies.  The  SL-cut  crystal  was 
10  mm  x  4  mm  x  0.7  mm  In  size.  In  the  case  of  the  AT- 
cut  resonators  the  crystals  consisted  of  circular  plano¬ 
convex  quartz  slices  of  1/2"  diameter  with  an  8"  radius 
of  curvature  for  the  convex  aide.  Annular  or  circular 
aluminum  electrodea  were  attached  to  the  centers  of  the 
AT-cut  cryatala.  In  one  case  a  thicker  crystal  with  a 
z-shaped  electrode  was  utilized.  The  SL-cut  resonator 
was  completely  covered  with  Ag-Al  thin  film  electrodes, 
except  for  the  crystal  ednes.  The  resonators  were  driven 
by  a  Rohde  and  Schwartz  crystal  synthesizer  or  a  crystal 
Impedance  meter  at  levels  ranging  from  2  to  approximately 
10  milliwatts.  The  experiments  were  carried  out  In  a 
Stereoacan  SEM  at  1  or  2  XV.  In  order  to  obtain  magni¬ 
fications  as  low  as ,10  x  the  specimen  tilt  mechanism  had 
been  removed  from  the  specimen  stage.  The  emissive  mode 
of  operation  was  used  throughout  this  study.  Magnifi¬ 
cations  of  10  x  wore  used,  unless  otherwise  Indicated  by 
a  micron  marker. 


Results 


(a)  SL-Cut  Resonators 


This  type  of  reson' .ora  had  previously  been  studied 
by  methods  of  x-ray  diffraction  topography.®  During 
resonance  at  455  KHz  the  face-shear  motion  of  this  reso¬ 
nate  was  related  to  the  motions  of  three  principal 
blocks  as  shown  In  Figure  l.  The  a  and  b  regions  had 

b  *  b  a  b  %  b 


Figure  l.  Location  of  nodes  and  antinodes  of  displace¬ 
ment  In  SL-cut  crystal  as  determined  from 
x-ray  diffraction  topography. 

been  Interpreted  a<  at  tlnodes  of  displacement  In  the  x- 
end  y-dlrectlons,  respectively,  with  nodes  of  displace¬ 
ment  occurring  elong  the  crystal  edges  at  poaltion  b. 

The  dormant  resonator  Is  shown  In  Flgurs  2a.  The  edge 
of  the  cryetal  slab  had  not  been  coated  with  the  elec¬ 
trode  material.  Became  of  the  thln-fllm  coating,  volt¬ 
age  contrast  during  resonance  was  expected  only  along 
the  edges.  Figure  2b  shows  the  top  position  of  the  cryi- 
tsl  during  resonance  at  455  KHz,  Figure  2c  the  center 
portion.  The  derk  aroan  occurred  approximately  at  the 
poaltion  of  b  along  the  crystal  tdge  of  Figure  1  and, 
therefore  Indicate  tho  position  of  a  node  of  displacement 
In  agreement  with  the  x-ray  results.  The  same  conclusion 
esn  also  be  reached  from  considerations  of  the  secondary 
emission  behavior  of  the  quartz  surface  during  ultra - 


sonic  excitation.  During  resonance  the  electric  polariza¬ 
tion  Is  zero  at  an  antinodi  of  displacement.  Secondary 
electron  emission  from  an  antinode  should  therefore  be 
about  the  some  as  from  a  crystal  surface  which  la  not  be¬ 
ing  resonated.  Tho  bright  areas  ore  therefore  the  loca¬ 
tions  of  the  antlnodcs  of  displacement.  The  electric 
polarization  is  at  a  maximum  during  rcsooai  ce  at  a  node 
of  displacement  where  during  the  first  few  cycles  of 
resonance,  when  the  polarization  la  at  1-s  negative  maxi¬ 
mum,  more  secondary  electrons  are  emitted  than  at  an 
antinode.  The  result  should  be  a  net  deficiency  of  elec¬ 
trons  relative  to  the  antlnodoi,  positive  charging  and  a 


Figure  2.  SL-cut  resonator;  (a/  dormant,  to;  during 

resonance  at  455  KHz,  top  portion;  (c)  center 
portion. 


lower  secondary  electron  yield.  The  nodes  of  displacement 
will  therefore  appear  dark  or  Mack  on  the  scanning  elec¬ 
tron  micrographs.  This  relationship  between  positive 
charging  and  low  secondary  electron  yield  Is  consistent 
with  observations  hy  other  authors.1' 


In  Figure  3  a  portion  of  the  electrode  material  was 
etched  away  and  a  rather  complex  pattern  appeared  durlnR 
resonance.  While  It  was  expected  that  the  partially 
etched  electrode  would  add  lo  the  complexity  of  the  reso¬ 
nance  pattern,  the  occurrence  of  a  resonance  pattern  vblch 
was  different  along  the  crystal  edges  (Fig.  2)  was  *ur- 
prl sing. 


(b)  AT-Cut  Resonators 

A  portion  of  a  dormant  AT-cut  resonator  is  shovn 
In  Figure  4.  Figure  5  shows  a  5  KHz  crystal  with  annu¬ 
lar  electrode  resonated  at  5.221  MHz,  the  lowest  fre¬ 
quency  response  that  could  be  obtained  with  this  crystal. 
The  center  portion  shows  a  node  of  resonance  which  is 
probably  due  to  thickness  shear,  whereas  flexure  modes 
probably  produced  the  pattern  outside  of  the  annular 
electrode.  The  white  area  (arrow)  outlines  the  shape  of 
the  bottom  electrode.  This  one  and  other  micrographs 
show  that  certain  features,  In  particular  the  electrode 
material,  visible  through  1/2  nm  and  more  of  quartz.  A 
unique  explanation  for  this  anomalous  transmission  is  not 
available  at  present. 

Figure  6  Is  the  y-modulatcd  micrograph  of  Figure  5. 
Bright  areas  In  Figure  5  appeared  as  peaks  In  Figure  6. 
These  peaks  provide  a  direct  means  for  quantitative  con¬ 
trast  determinations.  Assuming  that  there  is  a  direct 
relationship  between  electric  polarization  and  lattice 
strain  during  resonance  then  relative  strain  variations 
of  2  to  3  orders  of  magnitude  can  be  determined  across 
the  surface  of  the  resonators. 

Figure  7  shows  a  resonance  pattern  (5.271  MHz)  which 
was  apparently  caused  by  flexure  modes  only.  It  is 
interesting  that  these  flexure  modes  arc  visible  Inside 
and  outside  of  the  annular  electrode. 

At  5.423  MHz  (Figure  8)  a  pattern  due  to  thickness 
shear  is  visible  Inside  the  electrode  ring  while  flexure 
modes  occurred  outside  of  the  ring.  This  pattern,  as  the 
patterns  observed  on  all  the  other  micrographs  appeared 
on  the  SEM  screen  with  a  precision  of  at  least  a  few  Hz. 
Frequently  the  precision  of  pattern  appearance  was  used 
to  tunc  the  crystal  synthesizer  to  one  of  the  resonance 
frequencies. 

In  Figure  9  the  crystal  was  resonated  at  5.428  MHz 
and  the  thickness  shear  pattern  rotated  through  60°. 
Another  rotation  through  45°  occurred  at  5.530  MHz  (Fig¬ 
ure  10).  Resonance  at  5.606  MHz  produces  a  further  45° 
rotation  of  the  thickness  shear  pattern  (Figure  11). 

In  Figure  12  a  surface  defect  on  the  center  portion 
of  a  KHz  AT-cut  crystal  with  circular  electrode  is  seen 
at  rest.  In  Figure  12a,b,c  and  d  the  crystal  was  reso¬ 
nated  at  5  MHz  and  increasing  drive  levels.  Currents  of 
20,  30,  and  40  pAmps  were  measured.  IXirlng  resonance 
surface  features  move  In  the  direction  Indicated  by  the 
arrow  and  become  elongated.  As  the  distortion  (elonga¬ 
tion)  of  a  given  surface  feature  Is  twice  the  ampllcudo 
of  the  thickness-shear  motion,  the  amplitude  of  motion 
can  be  determined.  In  the  present  case  the  amplitude  of 
motion  was  found  to  be  approximately  7000A  +  500A  at  40pA. 
The  precision  of  this  measurement  could  be  significantly 
Improved  by  the  use  of  time-resolved  microscopy.10  Stud¬ 
ies  In  this  area  arc  In  progress. 

The  micrograph  in  Figure  13  shows  a  portion  ot  a 
crystal  with  a  z-shnped  electrode.  The  crystal  was  ob¬ 
tained  trom  the  laboratory  of  the  late  W.  Innouch  >sky. 

The  device  was  a  5  MHz  crystal  and  the  pattern  In  Figure 
13  Is  that  oi  the  fundamental  mode  of  resonance  at  4,995 
MHz. 

The  pattern  In  Figure  14  was  obtained  at  5.205  Milt. 
Two  blick  bands  appeared  on  both  sides  of  the  electrode 
related  to  each  other  by  a  180°  rotational  symmetry 
operation. 

Figure  15  Is  a  micrograph  of  the  same  resonator  us 
In  Figure  la,  but  at  resonance  of  5.349  MHz.  Five  block 
bands  have  appeared  on  either  side  of  the  electrode.  They 
seemed  to  be  related  to  each  other  by  some  form  of  minor 
opeiatloo.  But  them  were  numerous  features  which  seemed 
unique  at  a  given  area.  The  black  bonds  have  a  white 


line  somewhere  close  to  the  center  of  the  hand.  Black 
lines  also  appear  In  the  bright  areas.  Small  surface 
iriegularities  which  were  randomly  distributed  over  the 
entire  surface  of  the  resonator,  appeared  to  have  little 
effect  on  the  positions  of  the  bright  and  black  bands. 
Thus,  Che  Image  detail  in  these  bright  and  black  regions 
seems  to  be  directly  related  to  the  respective  ra>de  of 
resonance  which  was  used  Co  excite  the  crystal. 

Figure  16  was  obtained  through  y-moduiation  of  Fig¬ 
ure  15.  Contrast  variations  In  the  bright  areas,  In 
particular,  stand  out  clearly  in  the  micrograph. 

In  Figure  17  the  drive  level  was  increased  approxi¬ 
mately  by  five  times  compared  to  the  drive  level  of  Fig¬ 
ure  15.  As  was  to  be  expected,  an  even  lower  secondary 
electron  yield  was  to  be  expected  in  the  neighborhood  of 
black  bands,  the  nodes  of  displacement.  The  strong  posi¬ 
tive  charging  In  these  areas  overshadows  a  1  detail  that 
had  previously  been  visible.  The  expansion  of  the  posi¬ 
tively  charged  areas  Is  especially  noticeable  In  the  y- 
modulated  micrograph  of  Figure  18.  The  wh.te  line  in  the 
black  bonds  appeared  visible  an  an  extended  range  of 
hills. 

Resonance  at  5.654  Mllz  produced  the  band  structure 
In  Figure  19.  A  total  of  ten  bands  was  visible  on  cither 
side  of  the  electrode.  The  tenth  band  was  Just  barely 
recorded  on  the  lower  right  hand  corner  of  the  micrograph. 
The  y-modulatlon  micrograph  of  Figure  20  shows  a  number 
of  interesting  features.  First  of  all  the  white  line  In¬ 
side  the  black  bauds  are  quite  noticeable  .is  they  are  also 
In  Figure  19.  Then  the  contrast  variation-,  along  the 
surface  of  the  neutral  electrode  are  of  gnat  Interest. 

The  top  electrode  of  this  crystal  (and  of  .ill  the  others 
shown  In  Uhls  study)  was  grounded.  The  contrast  observed 
In  the  SEM  should  therefore  he  uniform.  Since  this  is 
not  the  case  other  factors,  such  ns  positioning  of  the 
crystal  specimen  relative  to  the  secondary  collector  grid, 
were  found  to  be  critical  in  these  experiments. 

Discussion 

Tne  appearance  of  the  standing  wave  pattern  on  the 
cathode  ray  tube  of  the  SEM  during  ultrasonic  excitation 
of  the  crystals  in  their  various  modes  of  resonance  was 
Instantaneous  and  sensitive  to  within  a  few  Hz,  probably 
surpassing  the  sensitivity  of  the  Rohde  and  Schwartz 
crystal  synthesizer.  Excitation  close  to  cr  In  the 
neighborhood  of  a  resonance  frequency  resulted  either  In 
no  resonance  pattern  at  all  or,  If  the  crystal  had  Just 
gone  through  rcsonanie,  In  a  pattern  with  ooviously  dimin¬ 
ished  contrast  and  with  decay-like  features. 

The  various  resonance  patterns  which  were  obtained 
changed  characteristically  from  one  resonance  frequency 
to  another.  There  was  never  onv  doubt  about  recognizing 
a  particular  pattern;  therefore,  it  Is  concluded  that 
there  Is  a  direct  correlation  of  the  SEM  patterns  which 
were  produced  by  specimen  surface  polarization  with  ac¬ 
tual  bulk-effect  resonanee.  The  positions  of  the  nodes 
and  antinodes  of  polarization  on  the  surface  of  tne  reso¬ 
nators,  however,  may  have  been  effected  by  surface  defects 
or  the  geometry  of  the  specimen  -  secondary  collector 
arrangement . 

Secondary  electron  emission  In  the  bright  areas  of 
resonating  crystals  was  found  to  be  approximately  the 
same  as  on  the  surface  >f  dormant  crystals.  The  sune  or 
similar  emission  lr.  tins*-  areas  would  indie  ite  an  area  of 
zero  surface  polarization  and  therefore  an  .intinodc  ot 
displacement,  it  follows  that  the  black  ar >as  are  the 
nodes  ot  displacement.  The  experimental  pr>of  for  this 
interpretation  will  be  sought  in  the  utilization  ol  time- 
reaolved  microscopy. 

Charging,  generally  observed  on  the  su-faic  ol  in¬ 
sulators,  such  ns  quartz  crystals,  vjs  no  p.-obltn  because 
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Figure  10.  AT-cut  crystal  during  resonance  at  5.530 
MHz. 


Figure  13.  AT-cut  device  with  z- shaped  electrode  during 
resonance  at  4.995  Mhz.  The  diagonal  band 
is  a  portion  of  the  ? -shaped  electrode. 
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Figure  11.  AT-cut  crystal  during  resonance  at  5.004  Figure  14.  Al-cut  devn*  resonating  at  5.205  MHz 
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Figure  12.  Surface  defect  on  center  portion  of  circular 
electrode  of  AT-cut  crystal;  (a)  dormant 
crystal,  (b)  drive  level  of  20  30  (c),  and 

40  liAmps  (J).  Figure  13,  AT-cut  srvstal  r»  s..i  it  nu*  at  *.)'•»  9  MHz 


Incident  beam  voltages  of  1  or  2  KV  were  used  In  these 
studies.  Contamination,  by  comparison,  was  a  slight 
problem  during  long  periods  of  observation.  In  electron 
microscopes  contaminating  layers  are  produced  through 
Interaction  of  the  electron  bean  with  the  residual  gases 
on  the  specimen  surface.  When  this  layer  is  thick 
enough  the  conductance  of  the  quartz  surface  becomes  too 
high  for  resonance  pattern  to  be  observable.  The  quartz 
resonators  were  therefore  frequently  cleaned  in  chromic 
acid  prior  to  the  SEM  studies. 

When  the  SEM  was  used  In  the  usual  node  of  operation 
(frame  speed  of  raster  approximately  1  sec.,  line  speed 
0.004  sec.)  the  patterns  were  at  once  visible.  Recording 
of  the  pattern  with  the  commonly  used  100  sec.  frame  speed 
o-id  0.1  sec.  line  speed,  initially  resulted  in  micro¬ 
graphs  with  very  poor  contrast.  Recording  times  of  10 
sec.  frame  and  0.01  sec.  line  speed  resulted  In  accepta¬ 
ble  micrographs.  Extended  sojourn  times  of  the  electron 
beam  per  unit  area  apparently  tended  to  equalize  varia¬ 
tions  In  surface  polarization.  For  future  work  It  will 
therefore  be  necessary  to  determine  quantitatively  the 
incident  electron  beam  current  per  unit  area  and  time  In 
such  a  way  that  optimum  results  for  observation  and  re¬ 
cording  are  obtained. 

Conclusions 

The  scanning  electron  microscopes  provides  an  ele¬ 
gant  and  fast  technique  for  the  study  of  resonating 
frequency  control  devices.  The  appearance  of  the  reso¬ 
nance  pattern  is  sensitive  to  within  a  few  Hz  but  may 
even  exceed  the  sensitivity  of  the  crystal  synthesizer 
which  was  used  in  this  study. 

The  studies  arc  always  carried  out  in  the  vacuum. 

The  only  limitations,  If  any.  are  the  pumping  systems 
which  arc  conraonly  used  in  SEM's  (I0"e  torr).  It  Is 
therefore,  in  principle,  possible  to  carry  out  studies 
as  a  function  of  gas  adsorption  or  temperature  while  the 
resonance  behavior  of  the  quartz  crystals  is  under  obser¬ 
vation. 

The  amplitudes  of  face-shear  and  thickness-shear  In 
SL-  and  AT-cut  crystals  con  be  measured  directly  from 
the  motion  of  surface  structures.  These  measurements 
will  be  significantly  Improved  when  stroboscopic  methods 
methods  arc  utilized. 

The  various  modes  of  motion  on  the  crystal  surface 
during  resonance  are  characteristic  and  easily  distin¬ 
guished  on  scanning  electron  micrographs.  Mldes  of 
flexure,  faces-  and  thickness-shear  are  directly  observ¬ 
able. 


chemical  bonding  under  a  variety  of  experlaental  parame¬ 
ters. 

The  authors  wish  to  thank  W.  H.  llicklin  for  his  help 
and  Interest  in  this  work. 
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The  possibilities  of  signal  processing  In  the  SEM 
are  especially  attractive.  Y-modulatlon  provides  a  di¬ 
rect  method  of  determining  quantitatively  signal  inten¬ 
sities  of  various  surface  regions,  and  therefore  various 
degrees  of  surface  polarization,  relative  to  each  other. 

The  scanning  electron  microscope  Is  unique  because 
It  combines  a  multitude  of  experimental  capabilities 
which  previously  had  needed  a  variety  of  different  in¬ 
struments.  In  the  present  study  only  a  few  of  the  SEM's 
capabilities  have  been  utilized,  other  equally  impoitant 
ones  have  yet  to  be  explored.  These  other  possibilities 
Include  Auger  analysis,  energy  and  wave  length  dispersive 
x-ray  analysis,  and  cathodolumlnescence  studies.  Auger 
analysis  would  be  especially  useful  for  studies 
of  the  resonance  behavior  of  quartz  crystals  as  a  func¬ 
tion  of  gas  adsorption.  X-ray  fluorescence  analysis 
would  be  a  useful  technique  for  the  study  of  bonding 
characteristics  between  < lectrode  materials  and  quartz 
surface,  gold-quartz  diffusion  studies,  and  migration  be¬ 
havior  of  various  electrode  platings  under  shock  or  other 
extreme  environmental  conditions.  Cathodolumlnescence 
offers  Interesting  possibilities  for  the  study  of 
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The  desijji  of  small  quartz  crystal  units,  opera¬ 
ting  at  the  fundamental  mode  frequency  of  15  to  23  MHz, 
vhlch  will  survive  shock  acceleration  amplitudes  of 
15,000  g's  and  more  is  given.  Test  data  on  the  number 
of  failures  ana  the  permanent  frequency  change  os  a  re¬ 
sult  of  various  levels  of  shock  are  shovn.  A  new 
method  of  bonding  the  quartz  resonator  to  the  support, 
using  electroplated  nickel  films  with  thickness  of  the 
order  of  0.5  thousandths  of  an  inch  is  discussed.  Pre¬ 
cautions  in  the  processing  of  the  quartz  resonator  are 
shown  to  be  necessary  to  avoid  destruction  of  the  reso¬ 
nator  at  shock  levelo  higher  than  15,000  g’s. 

Introduction 

Test  shock  amplitudes  for  military  quartz  crystal 
units  have  been  restricted  to  values  of  the  order  of 
50  to  100  g  unlto  because  of  the  fragile  nature  of  the 
resonator.  Applications  in  small  equipments  now  re¬ 
quire  a  more  rugged  crystal  with  levelo  In  the  range 
of  500  to  several  thousand  g's.  In  addition,  equipment 
has  been  developed  which  must  operate  afte.  a  15,000  g 
shock,  and  telemetry  e^uipmer  s  used  in  high  altitude 
research  projects  require  crystals  capable  of  operating 
after  acceleration  at  greater  than  50,000  g's. 

Experimental  crystal  units  of  the  type  shown  in 
Figure  1  nave  been  assembled  in  the  Electronic  Command's 
Electronic  Components  Laboratory  that  have  operated 
after  being  shocked  at  levels  up  to  29  thousand  g's 
with  durations  of  several  milliseconds.  The  holder  is 
a  standard  HC-25/U  enclosure  with  two  stainless  steel 
supports  of  the  type  commonly  used  with  this  holder. 

This  crystal  unit  differs  from  those  usually  node  in 
this  enclosure  by  the  crystal  Industry  only  because 
the  method  of  bonding  16  new  and  the  resonator  *s  some¬ 
what  smaller. 

Relatively  little  cvelopment  has  been  u  der taken 
in  the  area  of  high  g  c  stal  units  except  for  that  re¬ 
ported  by  the  Harry  Diamond  Laboratory1  and  a  paper 
presented  at  the  International  Telemetering  Conference 
(ITC).  The  present  paper  documents  the  continuation  ■ 
of  the  development  reported  on  at  th  ITC  in  October 
1970. 

The  majority  of  the  shock  tests  were  conducted  at 
the  Ballistics  Research  Laboratory  using  a  high  g 
acceleration  testing  method  developed  there. ^  Th? 
test  projectile  containing  the  crystal  units  is  pro- 
pellee  out  of  the  gun  shown  in  Figure  2.  The  gun  is 
a  5  inch  smooth  bore  unit  and  from  four  to  six  ounces 
of  powder  is  used  to  accelerate  the  projectile,  at 
less  than  1000  g's,  m  the  gun  barrel. 

The  projectile  Is  decelerated  by  impacting  the 
lead  targets  shown  In  Figure  3<  Each  lead  block  weighs 
315  pounds  and  the  projectile  penetrates  sevoral  of  the 
blocks  before  coming  to  rest.  The  shock  amplitude  can 
be  vurled  by  changing  the  amount  of  powder  while  chang¬ 
ing  the  shape  of  the  mse  tip  causes  a  variation  in  the 
time  duration  of  the  shock. 


Crystal  Unit  Desltai 

Figure  h  shows  the  construction  of  the  crystal 
mount  and  method  of  bonding.  A  narrow  strip  of  Cr-Au 
or  Cr-Cu  is  evaporated  along  the  edge  of  the  crystal 
resonator  and  the  support  clips  are  pressed  over  this 
composite  metallic  ; ayer .  The  Cr  results  in  excellent 
adhesion  to  the  quor  z  while  the  upper  layer  of  pure 
Au  or  Cu  is  used  to  tffect  the  electroplated  bond  to 
the  supports.  The  f’equency  of  the  resonators  used 
varied  from  10  MHz  to  23  MHz,  fundamental  mode,  and 
the  diameter  was  0.200  inch. 

The  basic  premise  in  'he  development  of  the  high 
g  crystals  was  to  use  a  short  stiff  mount  and  a  small 
diameter  resonator.  An  Initial  experiment  using  con¬ 
ductive  epoxy  cement  indicated  that  this  material 
lacked  the  necessary  mechanical  stability  and  could 
not  be  adequately  controlled  to  be  useful  in  the  fab¬ 
rication  of  these  crystals.  Electroplated  Cu  and  Au 
bonds  had  been  proven  to  be  effective  in  the  fabrica¬ 
tion  of  glass  enclosed  crystals  in  this  laboratory  for 
more  than  a  year.  Furthermore,  it  was  known  that  a 
nickel  sulfamato  plating  solution  is  commercially  avail¬ 
able  with  certain  outstanding  characteristics.  This 
solutlor  can  plate  nickel  films  having  very  low  mechan¬ 
ical  stress  and  freedom  from  brittleness,  cracking,  or 
crazing.  The  first  experimental  nickel  electroplated 
bor.dB  were  easily  achieved  and  exceptionally  strong. 
Pull  tests  showed  strengths  of  several  pounds  and 
failure  always  was  the  result  of  crystal  resonator 
fracture.  All  of  the  crystals  subjected  to  the  high 
g  shock  tests  used  the  holder  HC-25/’J  and  the  nickel 
electroplated  bond  except  for  trie  first  units  construc¬ 
ted  in  the  TO- 5  enclosure. 

The  stainless  steel  ribbon  6upportB  mast  be  given 
a  thin  electroplated  layer  of  N1  by  means  of  a  strike 
plating  solution  which  is  chemically  different  from 
the  sulfomate  nickel  plating  solution.  A  useful 
plating  bath  solution  can  be  made  with  32  ounces/ gal. 
of  N1  Clg  .6  HgO  and  1  pint  of  HC1.  This  acid  solution 
Is  used  at  a  both  voltage  of  2-3  volts,  which  should 
result  in  a  t..in  nickel  film  in  10  to  15  seconds  of 
plating  time.  This  film  must  be  very  thin  since  a 
thick  film  is  stressed  and  will  crack  and  peel  from 
the  supports.  The  solution  is  very  corrosive  and 
should  be  immediately  washed  from  the  holder  parts  in 
hot  flowing  water  and  the  parts  dried  to  protect  the 
thin  nickel  flash. 

After  the  nickel  strike  has  been  appl.ed  to  the 
supports,  the  resonator  with  the  Cr-Au  evaporated 
stripes  are  placed  into  the  clip  mount.  T.ie  type  of 
supports  used  in  all  of  the  high  g  crystal.i  lias  been 
the  Kay  submlnlature  clip  mount  Glnce  the  design  is 
such  that  the  contact  line  con  be  located  very  close 
to  the  edge  of  the  resonator.  The  evaporated  bond 
stripes  are  approximately  0.25  mm  In  width  and  the 
clip  is  centered  on  the  bonding  stripe.  It  is  impor¬ 
tant  that  the  resonator  not  contact  the  ve  tical  por¬ 
tion  of  the  mount,  cy  pushing  the  resonator  fully  in¬ 
to  the  clip,  since  it  will  bond  to  this  part  of  the 
mount  with  a  resulting  strain  induced  into  tne 
resonator. 
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The  nickel  bond  is  achieved,  us. r.g  the  nickel  sulfa- 
mate  solution  os  purchased,  at  room  temperature  with  a 
bath  voltage  of  the  order  of  1.2  to  2  volts.  The  anodes 
used  In  both  the  strike  bath  and  the  bonding  bath  were 
pure  nickel;  usually,  8  resonators  were  bonded  at  the 
same  time.  The  thickness  of  the  nickel  bond  is  deter¬ 
mined  by  the  product  of  the  current  and  bonding  time 
used.  All  of  the  units  assembled  for  the  high  g  tests 
were  bonded  at  l£  ma  per  crystal  unit  for  90  minutes  or 
135  ma-mlnutes.  With  8  crystal  units,  the  total  cur¬ 
rent  was,  of  course,  12  mllllaaperes.  The  time  period 
can  be  shortened,  with  an  increase  in  current  but  a 
point  will  be  reached  where  the  plated  nickel  la  rough 
and  obviously  of  poor  quality.  The  bond  has  a  thick¬ 
ness  of  the  order  of  0.5  thousandths  (12.5  microns) 
with  the  135  ma-mlnutes  of  plating.  One  test  which 
used  somewhat  thinner  and  thicker  bonds  was  Inconclu¬ 
sive  In  30  far  as  a  crystal  failure  was  concerned.  A 
detailed  technical  report  will  contain  the  result.,  of 
an  extensive  series  of  tests  In  which  the  bath  plating 
current  and  length  of  plating  times  were  varied  with 
the  bond  strength  measured  In  each  case.' 

Two  methods  of  applying  the  electrodes  to  the 
resonator  have  been  used.  Some  of  the  crystals  made 
had  Cr-Au  stripes  applied  by  evaporation  and  the  reso¬ 
nators  were  then  mounted  within  the  clip  attachments. 

The  nickel  electroplating  operation  was  completed  and 
the  mounted  and  bonded  resonator  cleaned.  Electrodes 
were  then  applied  to  the  resonator  by  evaporation  of 
Au  and  the  frequency  adjusted  to  the  desired  value.  A 
second  method  was  used  with  good  success  and  in  this 
case  the  mounting  stripes  and  the  base  plate  electrode 
were  applied  by  evaporation  of  Cr-Au.  In  this  method 
It  is  Important  not  to  apply  too  thick  a  layer  of  Cr 
since  the  alloy  of  Cr  and  Au  lias  a  very  large  ohmic 
loss.  Figure  5  shows  that  the  center  of  the  base 
plated  electrode  and  part  of  the  tab  ore  masked  off 
with  a  lacquer  material.  Common  nail  polish  Is  very 
useful.  After  allowing  this  material  to  air  dry  for 
a  few  minutes,  the  elcctrobond  Is  made  In  the  normal 
manner.  The  dried  nail  polish  Is  easily  removed  with 
acetone.  The  unlta  con  then  be  cleaned  and  adjusted 
to  frequency  by  either  using  electroplated  N1  or 
additional  evaporated  metal. 

The  visual  Inspection  of  the  quartz  resonator, 
using  a  20  X  microscope,  la  a  necessary  operation. 
Scratched  surfaces,  body  fractures,  or  chipped  edges 
are  all  reasons  for  rejecting  the  resonator.  The 
defects  In  the  quartz  resonator  cun  be  made  much  more 
easily  visible  by  etching  the  surface.  The  amount  of 
etch  required  Is  greater  than  that  specified  In 
MIL-C-3098.  hovever,  to  clearly  show  all  of  the  surface 
ruratches.  In  one  experiment  in  which  the  resonator 
was  repeatedly  etched,  the  number  of  visible  scratches 
continued  to  Increase  until  the  lapped  resonator  vas 
almost  clear  and  the  frequency  at  17  MHz  hod  Increased 
by  1  MHz.  Even  when  extreme  care  Is  taken,  hovever, 
some  resonators  will  break  when  subjected  to  shocks 
with  levels  of  20  Kg's  or  more.  Preliminary  results 
of  one  test  seem  to  indicate  that  If  the  reconator  13 
Immersed  In  a  fluid  In  a  high  power  ultrasonic  cleaner 
(20  KHz  and  150  watts),  approximately  30$  of  the  reso¬ 
nators  break.  The  appearance  of  the  breaks,  either 
fairly  straight  cracks  across  the  whole  resonator  or 
small  fractures  In  the  body  of  the  resonator  resemble 
the  Inoperative  crystal  after  the  high  g  shock. 

There  Is  a  possibility  that  this  means  could  be  used 
to  expand  submlcroscoplc  flaws  in  the  resonator  and 
thus  reduce  the  number  of  failures  In  the  shock  test. 
Crystal  reoonators  that  are  fracture- free  can  be  t.ade 
to  be  potential  failures  If  care  Is  not  token  In 
effecting  the  seal  between  the  holder  cover  and  base. 


It  has  been  observed  that  crystal  resonators  frequently 
had  small  fractures  leading  out  of  the  HI  tond  and  these 
fractures  appeared  to  predominate  at  the  pclnt  where 
the  clips  are  bonded  to  the  resonator.  It  is  thought 
that  this  is  due  to  the  very  good  thermal  coupling  be¬ 
tween  the  HI  bond  and  the  resonator.  When  the  holder  Is 
heated  too  rapidly,  the  quartz  under  the  bend  expands 
and  causes  the  quartz  outside  the  HI  bond  area,  which  Is 
cooler,  to  fracture  because  that  quartz  Is  now  In  ten¬ 
sion.  Allowing  the  bases  to  heat  up  slowly,  in  the 
order  of  30  seconds  to  reach  solder  melting  temperatures, 
has  reduced  the  problem  to  some  extent. 

Test  Results 

A  fairly  large  number  of  tests  were  conducted  in 
which  the  crystal  units  wore  subjected  to  chocks  of 
10  to  29  Kg's.  Figure  6  shows  the  results  of  a  series 
of  tests  beginning  with  the  first  test  of  a  10  point 
mounted  reoonator  Jn  a  TO -5  enclosure.  This  unit  was 
bonded  with  conductive  epoxy,  and  the  very  large  fre¬ 
quency  changeo  apparently  were  the  reault  cf  mechanical 
changes  In  some  of  the  bonds.  After  thla  initial  teat, 
all  the  remainder  of  the  unite  used  Hi  bonds  and  a 
2  point  aupport.  Except  for  the  one  teat  In  an  air  gun 
at  Sandla,  all  tests  were  conducted  at  Ballistics  Ro- 
aearch  laboratory  In  the  high  g  lead  teat  loclllty  at 
shock  levels  of  15  to  29  Kg.  Figure  7  shows  additional 
data  at  the  higher  g  levels.  Some  of  the  failures  In 
group  9  were  due  to  reworking  of  the  unlt6  because  of 
holder  damage  sustained  In  an  earlier  teat.  The  prin¬ 
ciple  cause  of  these  failures  vas  the  Initiation  of 
small  fractures  In  the  edge  of  the  resonate r  by  the  too 
rapid  heating  of  the  base  when  melting  the  colder  seal. 
The  data  on  the  series  of  shock  tests,  ulth  respect  to 
peremnent  frequency  change,  Is  shown  on  Figure  8.  The 
horizontal  bar  shows  the  average  frequency  change  and 
the  1-olgna  limits  are  defined  by  the  ends  of  the 
vertical  bars.  There  Is  an  obvious  lncreoie  in  both 
overage  frequency  change  and  the  standard  cevlotlon 
with  Increasing  amplitude.  One  3rd  overtore  crystal 
unit,  at  30  MHz,  was  subjected  to  a  22-Kg  thock  and 
changed  frequency  lees  than  1  part  per  million  possibly 
Indicating  that  overtone  operation,  with  a  resulting 
thicker  resonator,  should  be  used  in  an  application 
requiring  a  smaller  change  in  frequency. 

The  number  of  units  which  failed  at  levels  to 
15  Kg' 8  was  small,  amounting  to  but  3$>  Tie  one  failed 
unit  was  made  at  a  time  when  the  condition  of  the  quartz 
resonator  had  not  previously  been  Inspected  with  the 
microscope.  At  shock  levels  between  20  Kg's  and  29  Kg’s, 
17$  of  the  units  failed.  This  figure  Is  ccmevhat  high 
and  is  duo  In  port  to  the  inclusion  of  resonators  with 
obvious  defects  to  learn  If  In  fact,  an  Inspection  could 
be  used  to  eliminate  potential  defective  resonators. 

When  a  fracture  occurs  In  the  central  area  of  the  reso¬ 
nator,  the  activity  Is  poor  and  the  unit  is  on  electri¬ 
cal  reject.  Some  fractures,  however,  can  occur  In  the 
outer  edges  of  the  resonator  and  these  crystals  can  be 
electrically  acceptable  but  will  always  bt  destroyed  1 
the  shock  test.  Figure  9  shows  the  result  of  a  fairly 
deep  curving  ocrotch  across  the  resonator  which  appar¬ 
ently  caused  the  low  power  level  resistance  to  greazly 
Increase.  The  possibility  exists  that  this  test  might 
be  useful  to  separate  potentially  defect! /e  units  since 
these  units  occasionally  fall  at  shock  levels  higher 
than  15  Kg's.  It  Is  important  to  round  the  resonator 
carefully  to  avoid  edge  fractures;  these  will  expand 
and  allow  edge  chips  to  form  resulting  In  surface 
scratches  during  the  lapping  step.  Even  more  Important, 
the  edge  fractures  can  expand  Into  the  quartz  during 
the  shock  test  thus  causing  failure. 
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The  two-point  mounted  resonator  has  a  preferred 
acceleration  direction  as  shown  In  Figure  10.  Wnen 
accelerated  in  the  direction  away  from  the  pins,  the 
mount  supports  are  In  tension  and  the  resonator  has 
maximum  stiffness  and  fewest  percentage  failures  occur¬ 
red  In  the  shock  teats.  In  one  test  of  a  group  of  units 
procured  from  a  commercial  source,  by  the  Harry  Diamond 
laboratories,  all  units  failed  at  18  Kg’s  when  accelera¬ 
ted  In  the  direction  marked  "good". 

In  the  same  test,  three  out  of  twelve  units  made 
In  the  Components  Laboratory  failed.  The  principal 
difference  in  the  commercial  units  was  the  use  of  a 
small  bonding  spot  rather  than  the  long  stripe  shown 
In  this  figure. 

A  few  crystals  were  subjected  to  shocks  In  the 
plane  In  which  the  resonator  flexes  and  these  foiled 
at  10  Kg's.  There  was  evidence  that  the  ribbon  support 
welds  were  Inadequate  since  the  supports  rotated  to  a 
degree  that  the  resonators  night  have  contacted  the 
enclosure . 

Two  units  with  10  MHz  fundamental  frequency  were 
subjected  to  a  22-Kg  shock  in  the  direction  In  which 
the  supports  flex.  Both  support  mounts  bent  severely 
and  the  crystals  became  detached  from  the  supports  but 
did  not  fracture.  The  Cr  ba6e  film  uas  stripped  from 
the  seml-pollshed  resonator  while  on  the  lapped  reso¬ 
nator,  the  N1  bond  ruptured. 

For  applications  where  tnere  Is  substantial  ro¬ 
tational  forces  In  addition  to  direct  acceleration,  It 
Is  necessary  that  the  crystal  unit  be  mounted  as  clos” 
to  the  axis  of  rotation  as  possible.  As  of  the  tine 
of  writing  this  report,  r.o  data  lias  been  obtained  on 
the  survival  of  these  crystals  lr.  a  toot  which  included 
rotation.  The  gun  used  at  DHL,  as  mentioned  before,  is 
o  smooth  bore  unit  so  no  rotational  forces  ore  generated 

Figure  11  shows  a  resonator  with  a  crack  coraionly 
found  In  one  group  of  resonators  that  hod  been  pro¬ 
cessed  with  Inadequate  care.  A  lot  of  100  rounded 
resonators  were  obtained  from  on  outside  source  and 
Inspection  showed  many  with  edge  and  body  fractures 
and  these  units  were*  discorded.  The  remainder  were 
cleaned,  etched  and  again  Inspected  under  a  20  X  micro¬ 
scope  and  additional  resonators  with  cause  for  rejection 
were  found.  Upon  plating  and  mounting  the  good  units, 
Inspection  again  located  defective  resonators.  The  con¬ 
tinuing  Iogs  of  units  occurred  at  test  before  scaling 
the  enclosure  and  after  the  seal  was  accomplished.  Out 
of  the  initial  group  of  100  resonators,  only  twenty-two 
units  wore  electrically  acceptable  for  the  shock  tests. 
At  15,000  g's,  three  out  of  twelve  unltB  failed  while 
at  29,000  g's,  nine  out  of  ten  units  failed.  From 
this  experience,  It  appears  that  possible  shock  toot 
failure  cannot  be  eliminated  by  visual  inspection  of 
the  quartz  resonator. 

Conclusion 

The  deslpi  of  a  low  cost  crystal  unit,  capable  of 
surviving  pouk  acceleration  shocks  of  15,000  g's  at 
2j  milliseconds  has  been  completed.  These  units,  when 
carefully  fabricated,  show  catastrophic  failure  rates 
of  33 and  average  frequency  changes  of  5  parts  per 
million.  The  electroplated  nickel  method  of  bonding 
the  resonator  to  the  mount  supports  has  proven  to  be 
practical,  precisely  controllable  and  extremely  reli¬ 
able.  Further  work  In  the  areas  of  a  more  rugged 
mount,  better  resonator  Inspection  methods  and  preseal 
stress  testing  of  the  crystal  must  be  undertaken  to 
Improve  the  performance  at  shock  levels  of  30,000  g's. 


Figure  12  shows  a  three  point  mount  which  results 
In  Increased  crystal  resonator  stiffness  ar.d  an  Initial 
te6t  Indicates  improved  shock  performance.  It  appears 
to  be  feasible  to  develop  a  crystal  design  in  Holder 
HC-25,  perhaps  using  3rd  overtone  units  at  20  MHz, 
capable  of  operation  after  being  shocked  at  50,000  g’s. 
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A.  8  ppm  AV 
7  ppm  If 
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USING  A  PENDULUM  DIFFRACTOMETER 


TO  IMPROVE  PRECISION  OF  X-RAYING 
QUARTZ  CRYSTALS 
Gerald  E.  Nemetz 
General  Electric  Company 
Lynchburg,  Virginia 


Summary 

A  new  design  pendulum  suspension  diffract¬ 
ometer  for  x-raying  quartz  crystals  has  been 
developed  in  the  General  Electric  Mobile  Radio 
Department.  This  diffractometer  results  in 
improved  precision,  higher  productivity,  and 
increased  profitability  in  the  production  x- 
raying  of  quartz  crystal  blanks. 

Introduction' 

In  the  1950's  the  permissible  shift  in 
frequency  of  a  radio  transmitter  was  adequate¬ 
ly  controlled  by  +3  minutes  of  tolerance  on  the 
ZZ'  angle  of  an  "AT"  cut  quartz  crystal. 

As  the  air  waves  became  more  crowded  due 
to  the  rapid  growth  of  the  two-way  radio  indus¬ 
try,  it  became  necessary  for  the  Federal  Com¬ 
munications  Commission  to  apply  more  stringent 
controls.  In  tne  early  1960's  the  F.C.C.  tight¬ 
ened  the  permissible  transmitter  shift  in  the 
ultra  high  frequency  spectrum  to  12  parts  per 
million.  This  12  parts  per  million  tolerance 
for  the  transmitter  translated  to  a  i>j  minute 
tolerance  on  the  ZZ'  angle  of  the  quartz  crys¬ 
tal  in  the  exciter  stage.  The  double  crystal 
goniometer  would  require  a  measuring  system  er¬ 
ror  not  exceeding  101  of  this  tolerance,  or  13 
seconds  to  be  capable  of  satisfactorily  meas¬ 
uring  crystals  to  this  tolerance. 

Since  the  measur.ng  system  error  of  the 
goniometer  exceeded  13  seconds,  the  "tempera¬ 
ture  coefficient"  test  yields  for  "high  stabil¬ 
ity"  crystals  (requiring  12  parts  per  million 
tolerance)  varied  between  20%  and  50*  during 
1964,  1965,  and  1966.  A  number  of  projects 
were  undertaken  to  improve  the  low  "TC"  yields. 
Or.e  of  those  was  a  project  to  improve  the  pre¬ 
cision  of  the  x-ray  goniometer. 

Problems  Associated  with  the  Goniomc-t&r 

(1)  Micrometer  barrel  is  difficult  to  read  due 
to  the  poor  resolution.  The  smallest  divi¬ 
sion  is  minute. 

(2)  Crystal  work  holding  fixture  locates  the 
crystal  on  a  flat  surface.  This  requires 
the  operator's  wringing  the  crystal  onto 
the  flat  surface  (as  two  gage  blocks  are 
wrung  together) — resulting  in  contamina¬ 
tion  of  the  work  holder  and  blanks. 

(3)  Friction  at  the  bearing  shaft  results  in 
error  in  the  ZZ'  angle  measurement. 


(4)  The  x-ray  shield  requires  two  hand  motions 
in  x-raying  one  face,  and  four  in  the  x- 
raying  two  faces  of  each  blank. 

Problems  Related  to  the  Goniometer 
Indicated  by  a  Capability  Study 
Performed  in  1966 

Process  Control  Engineering  ran  a  process 
capability  study  FW-22  of  1966  on  one  x-tay 
goniometer  station.  During  this  period  unfa¬ 
vorable  statements  had  been  made  concerning  the 
x-ray  such  as  "Let's  do  away  with  x-ray" — we 
get  the  same  "TC"  yield  with  x-ray  as  we  do 
without  it."  A  look  at  the  chart  of  the  six 
operator's  readings  shows  the  basis  for  this 
statement.  The  angle  readings  of  the  six  oper¬ 
ators  wore  widely  dispersed.  Note  particularly 
that  operator  number  4  had  no  reading  above  the 
upper  specification  limit  and  61%  of  the  read¬ 
ings  below  the  lower  specification  limit,  where¬ 
as  operator  number  6  had  1%  of  the  readings  un¬ 
der  the  lower  limit  and  41%  above  the  upper 
specification  limit. 

Pendulum  Diffractometer 

The  pendulum  diffractometer  was  developed 
m  1969.  This  instrument  is  constructed  entire¬ 
ly  of  aluminum  and  stainless  steel.  The  four 
table  legs  are  constructed  of  heavy  stainless 
steel  tubing.  The  28"  X  36"  X  2"  thick  table¬ 
top  is  fabricated  from  a  k"  stainless  steel 
plate  fastened  on  top  of  a  iy  thick  aluminum 
plate.  Two  similar  plates  are  mounted  beneath 
the  table  top  at  a  suitable  foot  rest  height. 
Four  levelling  screws  are  provided  for  level¬ 
ing  the  table. 

The  pendulum  mount  is  bolted  to  the  top  of 
the  table  and  consists  of  two  carbide  knife 
edges  pointing  upward.  Mating  with  these  knife 
edges  are  two  carbide  "V"  shaped  details  brazed 
to  a  shaft  which  is  free  to  rock  through  ar 
angle.  The  pendulum  arm  is  bolted  to  the  shaft 
and  hangs  vertically  downward.  A  micrometer 
head  moves  the  pendulum  arm  through  the  "rock¬ 
ing  angle"  and  a  dial  indicator  provides  the 
angle  measurement  reading  directly  in  minutes 
and  seconds  of  ZZ'  angle. 

An  adjustable  electronic  transducer  pickup 
is  located  in  parallel  with  the  dial  indicator 
as  an  automation  feature. 
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Capacitance  Bridge  -  Proximity 
Shutter 


The  hand  operated  safety  hood  for  cutting 
off  the  x-ray  beam  was  replaced  by  the  proximi¬ 
ty  shutter.  The  shutter  is  fabricated  from  a 
brass  bar  with  a  milled  slot  which  allows  the 
x-ray  beam  to  pass  through.  The  brass  shutter 
is  attached  to  an  electrical  d.c.  solenoid 
which  is  actuated  by  the  capacitance  bridge. 

The  sensor  for  the  capacitance  bridge  is  mount¬ 
ed  near  the  crystal  work  holding  fixture. 

The  brass  shutter  and  solenoid  assembly 
are  mounted  so  that  the  x-ray  beam  passes  thro¬ 
ugh  the  milled  slot  in  the  brass  shutter.  As 
the  operator  brings  her  hand  held  work  crystal 
to  the  work  holding  fixture,  her  hand  is  sensed 
by  the  sensor  which  actuates  the  solenoid  - 
shutter  assembly,  moving  the  brass  shutter  in 
the  path  of  the  x-ray  beam. 

The  proximity  shutter  provides  increased 
productivity  as  it  eliminates  the  hand  motions 
required  to  raise  and  lower  the  metal  hood. 

Dial  Indicator  and  Sorting  Wheel 

Several  years  ago  I  made  a  trip  to  an 
equipment  manufacturer's  plant  to  look  at  a 
diffractometer  for  quartz  crystals  which  was 
offered  for  sale.  This  instrument  used  a  large 
micrometer  head  for  moving  the  arm  through  the 
"rocking  angle".  I  asked  the  builder  of  the 
instrument  how  an  operator  would  read  the  meas¬ 
ured  ZZ '  angle.  His  answer  was  "You  read  the 
micrometer  and  then  refer  to  a  calibration 
chart". 

A  calibration  chart  may  be  acceptable  for 
laboratory  studies,  but  it  would  not  be  suitable 
for  production  x-raying  due  to: 

(1)  operator  fatigue  from  referring  to 
chart 

(2)  large  potential  error  in  cross- 
referencing 

(3)  slow  method 

A  four  inch  diameter  dial  indicator  which 
has  .010  per  dial  revolution  was  selected,  and 
the  length  of  the  pendulum  arm  was  calculated 
to  provide  an  angle  measurement  of  five  min¬ 
utes  per  revolution  of  the  dial  indicator.  A 
special  scale  which  reads  directly  in  minutes 
and  seconds,  with  one  second  per  division  and 
five  minutes  per  revolution  was  designed  for 
use  with  the  dial  indicator. 

A  10  segment  color  coded  ring  was  attach¬ 
ed  to  the  bezel  of  the  dial  indicator.  The  ZZ' 
angle  increment  of  each  segment  is  equivalent 
to  >3  minute. 

The  operator  sorts  crystal  blanks  into  4 
minute  increment  of  ZZ’  angle  by  merely  placing 
the  blank  into  the  jar  with  the  number  corre¬ 
sponding  to  the  number  on  the  ring  indicated  by 
the  dial  indicator  pointer. 

Under  this  sorting  system  the  operator 
provides  an  objective  sort  since  all  ZZ'  angle 
increments  are  indicated  as  acceptable. 


Constrast  this  sorting  method  to  the  one 
whereby  the  operator  sorts  the  acceptable  bianks 
into  one  box,  and  the  angle  low  and  angle  high 
blanks  into  their  respective  boxes.  There  are 
a  number  of  psychological  factors  that  influence 
the  operator  to  place  the  blanks  slightly  out¬ 
side  the  specification  limits  into  the  accept- 
able  box . 


Results 


(1)  A  capability  study  comparing  the  pendulum 
diffractometer  to  the  goniometer  revealed 
the  following: 

(a)  The  pendulum  diffractometer  has  1/3 
the  measuring  system  error  of  the 
goniometer 

(b)  The  intensity  curve  for  the  pendulum 
diffractometer  is  sharper  and  more 
symmetrical 

(c)  The  pendulum  diffractometer  can  be 
peaked  by  turning  the  micrometer  head 
either  clockwise  or  counter-clockwise 
with  less  than  a  12  second  difference 
from  the  initial  ZZ'  angle  reading. 

(2)  The  repeatability  in  readings  of  ZZ'  angle 
of  the  pendulum  diffractometer  is  such  tnat 
95%  of  the  readings  will  repeat  within  +2 
seconds,  providing  the  blank  is  not  removed 
from  the  work  holder. 

(3)  The  improved  precision  of  measurement  in 
the  pendulum  diffractometer  allowed  for 
better  correlation  between  ZZ'  angle  meas¬ 
urement  and  "TC"  test  data.  The  result  is 
a  100%  improvement  in  the  "TC"  te3t  yields. 

(4)  The  work  station  improvements  due  to  the 
sorting  wheel,  proximity  shutter,  and  MTS 
study  resulted  in  an  average  increase  in 
productivity  of  330%. 


Conclusions 
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FIGURE  7  -  PENDULUM  DIFFRACTOMETER  - 
FRONT  VIEW 


FIGURE  ‘)  -  PENDt  LUM  DIFFRACTOMf  TER  - 

OPERATOR  LOADING  BLANK  ONTO 
FIXTl RE 


FIGURE  13  -  KNIFE  EDGE  PENDULUM  SUPPORT 


FIGURE  14  -  CAPAC ' TANCE  BRIDGE 


FIGURE  15  -  SHAFT  WITH  CARBIDE  "V 


FIGURE  16  -  THREE  POINT  CRYSTAL 
WORK  HOLDING  FIXTURE 


THE  CURRENT  DEPENDENCY  OP  CRYSTAL  UNIT  RESISTANCE 
AT  LOW  DRIVE  LEVEL 


Shunsuko  NONAKA,  Tasuku  YUUKI  and  Koich  HARA 
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Nippon  Electric  Company 
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Summary 


M.  Dornstoin  described  that,  thero  are  certain 
kinds  of  AT  cut  quartz  resonator  units  that  their  re¬ 
sistance  at  such  small  curronts  as  oscillator  noise 
level  are  larger  than  that  observed  at  normal  operating 
crystal  current.  This  largo  crystal  unit  resistance 
provents  the  starting  of  oscillations.  This  phenomenon, 
thax  is,  the  largo  crystal  unit  resistance  at  such  small 
current  os  oscillator  r.oise  lovel,  is  eliminated  by 
overdriving  the  crystal.  But,  the  resistance  is  gradu¬ 
ally  ificroased  as  the  time  elapses.  This  phenomenon 
was  observed  by  help  of  an  X-Y  recordor  and  TS-683/TSM 
test  set. 

For  measuring  tho  crystal  unit  resistance,  we 
didn't  use  such  octivc  circuits  as  TS-683/TSM  test  set, 
but  wo  used  such  passive  circuits  using  the  transmission 
method. 


As  transmission  mothod  enabled  us  to  moasure  crys¬ 
tal  unit  resistance  ovor  a  very  wide  range  of  crystal 
current,  ranging  from  vory  low  lovcls  such  as  noise 
level  of  the  crystal  oscillator,  we  could  observe  more 
quantitatively  the  behavior  of  the  crystal  unit  re¬ 
sistance  at  those  small  curront.  Crystal  unit  resist¬ 
ance  has  maximum  value  at  certain  small  curronts,  when 
thoro  are  such  inhomogoncity  or  contamination  on  the 
surface  of  a  quartz  crystal  plate  such  as  scratches 
made  while  lapping  or  polishing,  small  metal  particles. 
(For  example,  the  maximum  value  is  seven  times  larger 
than  tho  resistance  at  larger  current  in  a  crystal 
controlled  oscillator  at  normal  crystal  curront.)  The 
Resistance  VS.  Curront  Characteristics  of  the  crystal 
unit  is  not  roproduciblc  before  being  overdriven,  but 
it  dopends  largoly  on  its  form  of  overdrive  and  its 
tomperaturo.  Curront  dependency  of  crystal  unit  re¬ 
sistance  is  completely  eliminated  by  ovordriving  tho 
crystal  ovor  tho  current  given  by 
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current  in  mA 

resonant  froquoucy  in  KHz 

diamotor  of  active  surface  area  in  mm 

capacitance  ratio. 


Small  metal  particles  sticking  on  the  evaporated 
eloctrodos  of  tho  crystal  wore  eliminated  ly  ovordriving 
the  crystal  over  tho  abovo-montioned  curronts.  Thus, 
tho  curront  dependency  of  resistance  caused  by  thoso 
particles  vere  eliminated  at  tho  samo  time.  Tho  cur¬ 
ront  dependency  dit  not  appear  upon  storago. 


To  explain  increased  resistance  phenomena  wo 
indroduco  tho  so-called  static  friction.  When  tho 
displacomont  is  small,  the  friction  does  not  affect  the 
movement  of  the  crystal.  Vhon  tho  displacomont  grows 
to  a  threshold  amplitude,  the  friction  suppresses  the 
movement  of  Uio  crystal.  Suddenly,  as  tho  static 


friction  is  independent  of  the  amplitude  over  the 
threshold,  the  effect  of  friction  becomes  smaller  as 
amplitude  grows  largor. 

We  could  explain  increased  resistance  phenomena 
qualitatively.  But,  at  this  stage,  wo  are  not  able  to 
treat  the  problem  quantitatively.  Also,  we  cannot 
explain  the  problem  concerning  the  hysterosis  of  tho 
crystal  unit  resistance. 

Introduction 


To  the  best  of  our  knowledge,  thero  are  very  few 
reports  on  nonlinearity  of  crystal  unit  resistance,  such 
as  thoso  by  E.A.  Gerber'l'  and  M.  Born3toinl2)1 
I.  K0Ga(3)  and  OursU),(5) . 

By  measuring  crystal  unit  resistance  with  active 
circuits  such  ns  TS-683/TSM  test  sot,  M.  Bernstein 
showed  that  a  combination  of  a  thin  contaminating  film 
of  oil  and  small  particles  of  quartz  increases  crystal 
unit  resistance  at  oscillator  noise  lovol. 

The  authors  also  discovered  that  crystal  unit  re¬ 
sistance  increases  at  such  low  drive  lovol  as  oscillator 
noise  level  compared  with  that  observed  at  normal 
operating  lovel.  This  is  caused  by  small  motal  parti¬ 
cles  sticking  on  active  crystal  surface.  The  dependency 
of  the  resistance  on  the  curront,  caused  by  small  n.ctal 
particles,  is  eliminated  by  ovordriving.  However,  if 
the  phenomenon  concerning  tho  ovordriving  of  tho  crystal 
is  not  made  clear,  there  will  be  still  some  probability 
of  resistance  dopondency  on  tho  curront,  and  tho  oscil¬ 
lation  will  not  start. 

In  this  paper  the  oxamplos  of  current  dependency  of 
crystal  unit  resistance  caused  by  various  factors,  and 
the  effect  of  ovordriving  are  doscribod.  Then,  tho 
mathematical  formulation  of  curront  dopondoncy  of 
crystal  unit  resistance  will  be  presented. 

Experiments1  Procedure 
Sample  Preparation 

Structures  and  frequencies  of  crystal  units  used 
in  this  experiment  arc  shown  in  Table  1.  A  crystal  plate 
has  gold  evaporated  olectrodcs.  In  tho  case  that  it  was 
desirod  to  avoid  tho  cffocts  of  ovaporoted  electrodes, 
tho  crystal  was  held  botwoon  tho  two  concave  metal 
eloctrodos  as  shown  in  table  1.  In  both  cases  the 
crystal  platos  woro  hold  in  vacuum  containers. 

Hoosuring  System 

Tho  resistance  and  tho  resonant  frequency  of  the 
crystal  unit  woro  measured  by  transmission  mothod  using 
the  passivo  circuit.  We  did  not  use  tho  methods  using 
the  activo  circuits  such  as  Cl  motor.  The  reason  we 
chose  the  transmission  mothod  is  that,  it  enables  us  to 
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measure  these  quantities  over  a  very  vido  range  of 
crystal  drive  current.  The  block  diagram  of  the  measur¬ 
ing  system  is  shown  in  Fig.  1. 

Exneriraertal  Results  and  Discussions 
Typical  Current  Dependency  of  Crystal  Unit  Resistance 

The  IRE  notations  of  tho  equivalent  circuit  of 
crystal  unit  are  used  in  this  paper.  Besides,  Rio  is 
defined  to  bo  the  minimum  value  of  Rl  in  the  range  of 
measured  current. 


Tho  typical  data  of  current  dependency  of  crystal 
unit  resistance  and  resonant  frequency  are  shown  in 
Fig.  2.  The  resonant  fieq-incy  of  a  crystal  unit  is 
given  by  oquation  (1)  in  termi  of  motional  arm  series 
resonant  frequency  of  it. 


fr  =  f£ 


„  1  r, 
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,  whore,  f3  = 
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If  fs  is  assumed  to  bo  constant  at  any  drivo  current, 
the  maximum  chango  in  ff  is  of  the  order  of  10"8. 

Also,  since  fr  increases  os  Rl  increases,  f  }'  is  sup¬ 
posed  to  jump  at  tho  drivo  curronts  at  which  Rl  jumps. 
But  the  data  of  Fig.  2  do  not  agree  with  thoso  two 
points.  Therefore,  Pig.  2  shows  that  both  tho  crystal 
unit  resistance  and  its  motional  arm  sorios  resonant 
frequency  change  with  chango  in  tho  drive  curront. 

This  paper  is  intended  to  give  a  clear  picture  of 
the  mechanism  that  is  thought  to  be  directly  responsible 
for  increase  of  tho  crystal  unit  resistance. 


crystal  unit  resistances.  In  the  former  two  cases  there 
are  inhomogoneities  on  the  surfaces  of  their  crystal 
plates  such  as  small  gold  particles  and  scratches  as 
shown  in  Fig.  6  and  Fig.  7  respectively.  In  tho  latter 
throe  cases  crystal  plates  are  coated  with  homogeneous 
thin  films.  Thoro  is  a  difference  in  crystal  unit 
resistance  between  tho  two  groups:  in  the  former,  the 
change  of  resistance  is  larger,  where,  in  the  latter  it 
is  small. 

Overdrive 


The  current  dependency  of  crystal  unit  resistance 
due  to  small  gold  particles  sticking  on  tho  crystal 
plate  was  eliminated  by  overdriving  it  as  shown  in 
Fig.  9.  Tho  crystal  unit  which  was  overdriven  above 
the  threshold  curront,  hence,  was  improved  in  loss  did 
not  have  such  curront  depondoncy  of  rosistanco  as  it 
used  to  havo.  Photographs  in  Fig.  10  show  tho  change 
which  happened  on  the  above-mentioned  crystal  plate: 
the  gold  particle  sticking  on  tho  olcctrodc  was  elimi¬ 
nated  by  overdrive  and  a  hole  can  bo  found  where  it  had 
been.  Natural'y.  rocistance  of  the  crystal  unit,  which 
was  overdriven,  keeps  its  improved  value  for  more  than 
a  year  os  shown  in  Fig.  11. 


The  threshold  curront  of  circular  thickness  shoar 
resonator  is  givon  approximately  as  follow: 


Hh  =  K 


(Refer  to  Appondix) 


where,  iTh 

Threshold  current  in  mA 

K 

Constant  obtained  by  oxperimont 

fr 

Resonant  frequency  in  MHz 

d0 

Diameter  of  active  nroa  in  mm 

r 

Capacitanco  ratio. 

(2) 


Causes  and  Phenomenon  of  Increase  of  the  Crystal  Unit 
Resistance 

Crystal  unit  rosistanco  characteristics  like  that 
shown  in  Fig.  2  does  not  necossanly  prevent  the  start¬ 
ing  of  the  oscillations.  Bocausc,  the  incroaso  of 
rosistanco  is  not  so  high.  But,  at  lov  curronts,  tho 
resistance  increases  too  much,  and  tho  oscillation  will 
not  build  up  in  tho  oscillator  witli  tho  crystal  unit. 
Pig.  3.  In  tho  caso  of  the  crystal  unit  whoso  resist¬ 
ance  characteristics  has  amplitude  suppressing  effect 
as  shown  in  Fig.  4,  the  oscillation  builds  up  at  a  lover 
lovol  than  tho  normal  operating  level,  and  koops  oscil¬ 
lating  with  a  stable  amplitude. 

Sinco  these  characteristics  are  easily  affoctod  by 
tho  provious  forms  of  overdrivo  and  tomperaturo,  there 
aro  various  non-roproduciblo  patterns  of  curront 
dependency  of  tho  crystal  unit  rosistanco.  Howovor, 
they  can  roughly  bo  dividod  into  two  groups.  In  ono 
group,  crystal  unit  rosistanco  increases  monotonously  as 
the  currant  decreases.  Fig.  3.  In  the  other  groups, 
crystal  unit  resistance  reaches  its  maximum  at  a  certain 
drivo  current  within  the  rango  of  the  moasured  current 
as  shown  in  Pig.  4.  Fig.  5  is  a  curvo  shoving  relation¬ 
ship  betveen  the  tomperaturo  and  current  dependency  of 
crystal  unit  resistance.  This  shows  that  the  drivo 
current  at  which  a  crystal  unit  resistance  reaches  its 
maximum,  decreases  as  the  temperature  increases.  The 
current  dependency  of  rosistanco  at  high  tomperaturo 
looks  somewhat  like  that  shown  in  Fig.  3. 

It  can  be  concluded  that  there  is  no  essontial 
difference  betvoon  tho  two  patterns  regarding  tho 
process  in  which  tho  current  dependency  of  crystal  unit 
rosistanco  is  formed. 

Pig.  8  shovs  the  typical  curront  dependency  of 


This  equation  is  obtained  on  tho  basis  that  the 
small  particles  sticking  on  a  crystal  plate  will  be 
eliminated  when  the  maximum  surface  strain  of  it  is 
larger  than  a  cortain  value.  K  depends  upon  tho  vibra¬ 
tion  mode  and  tho  adhesive  force  botwoon  a  small  parti¬ 
cle  and  cxystal  plate.  K  Z  1/100  was  obtained  oxpori- 
montally  for  various  kinds  of  AT  cut  resonators.  This 
fact  supports  tho  fact  that  tho  small  particles  sticking 
on  tho  surfaco  of  a  crystal  plato  will  bo  eliminated 
vhon  the  maximum  surfaco  strain  of  it  is  larger  than  a 
certain  value. 

This  equation  shows  that  tho  ‘hroshold  curront  is 
smaller  at  lower  ovortone  orders.  In  addition  to  this 
fact,  generally  speaking,  activo  surfaco  area  is  larger 
for  lower  overtone  orders.  In  order  to  iroprovo  the  Q 
of  a  crystal  unit,  it  is  moro  effective  to  ovordrivo  it 
at  lowor  overtono  frequencies.  Pig.  12  confirms  tho 
above  interpretation.  Crystal  unit  resistance  at  7th 
ovortone  frequency  loses  its  curront  dopondoncy  by 
overdriving  it  at  the  same  frequency.  In  the  caso  of 
tho  5th  overtono  frequency,  tho  ovordrivon  resistance 
is  less  than  the  7th  one,  and  with  tho  sarao  character. 

Mathematical  Formulation 

It  is  necossary  to  mako  it  clear  how  current  de¬ 
pendency  of  crystal  unit  rosistanco  is  gonorated.  Be¬ 
cause,  it  vill  help  us  for  stabilizing  tho  rosonant  fre¬ 
quency,  and  also  for  guaranteeing  tho  reliability  of  its 
operation.  Mathematical  formulation  of  the  phenomena  of 
small  gold  particle  is  dono  as  the  first  step. 

At  abovo  this,  current  at  which  tho  crystal  unit  re¬ 
sistance  roaches  its  maximum  value,  the  product  of  re¬ 
sistance  change  from  the  ope  moasured  at  normal  operat¬ 
ing  current  and  drive  curront  is  approximately  constant. 
That  is,  (Ri  -  Rio)  •  I  =  const  or 
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Crystal  unit  resistance  observed  at 
normal  operating  curront 
Constant  counter  electromotive  force 
Drive  current 

Curront  at  vhich  crystal  resistance 
gets  its  maximal  value. 


U(I 


I^I0  • 


Pig.  13  shows  the  behavior  of  Ri  VS.  dri^o  current 
represented  by  equation  (3).  The  strain  (S)  at  the 
point  whore  the  gold  particlo  is,  increases  and  when  it 
reaches  the  So  lovol,  the  pulsating  force  t/)  is  oxorted 
on  the  crystal  surfaco  in  the  same  direction  as  of  the 
friction.  This  process  is  repeated  in  every  eycle.  and 
is  represented  as  follow: 


f  = 


Po  $(S  -  So)  , 

0 


■44  <  o 

a  t 


(0 


Calculating  moan  vnluo  of  dissipatod  energy  in  a  cyclo, 
the  oquation  similar  to  oquation  (3)  can  bo  obtoinod 
oosily. 


This  shows  that  tho  curront  dopondency  of  crystal 
unit  resistance  is  caused  by  such  pulsating  force 
ropresontod  by  oquntion  (4). 


It  was  shown  that  the  materials  which  cause  this 
nonlinear  term  are  small  particles  of  oloctrodo  metal, 
those  of  quartz,  or  ebrasivo  and  oil  film  sticking  on 
activo  crystal  surface.  Dosidos,  twin  crystals  and 
cracks  existing  locally  seem  to  havo  tho  same  character¬ 
istics  in  generating  nonlinear  term  as  tt.oso  small 
particles. 

Tho  process  rosponsiblo  for  generating  of  non¬ 
linear  torm  is  not  known  clearly  yet,  but  thoro  arc  two 
probabilities:  the  dependency  of  crystal  unit  resist¬ 
ance  may  bo  the  result  of  the  nonlinoar  force  which  is 
gonorated  in  friction,  collision  or  viscocity  botwoon 
these  materials  and  tho  crystal  surfaces,  or  it  may  be 
from  the  nonlinearity  botwoon  stross  and  strain  in  the 
crystal  plato  due  to  those  forcos. 


Conclusion 


1.  Small  metal  particles  sticking  on  active  quartz 
surfacos  not  only  cause  tho  curront  dependency  of  tho 
crystal  unit  rosistanoo  but  also  thoy  causo  tho  current 
dopondoncy  of  tho  othor  constants. 

2.  There  aro  various  pattorns  of  curront  dopondoncy 
of  ciystal  unit  resistanoo,  but  there  is  no  ossential 
difference  botweon  them. 
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Appondix 

Notations  used  here  sro  tbiso  shown  in  Pig.  A-l. 
Bosidos,  Ki,  K2,  K3,  K4  and  K  are  constant.  The  dis¬ 
placement  in  direction  (Crystallographic  axis)  is 
approximately  given  by, 


U  =  U0  Cos2(~)  •  Sin 


(2n-l)»y 

2yo 


cos  tot. 


(A-l) 


Stored  kinetic  powor  is  given  by 


3.  Typical  current  dopondoncy  of  crystal  unit  resist¬ 
ance  can  bo  approximately  ropresontod  by 

Rl  =  RlO  +  Y"  u(l  -  I0)  * 


,  y  j2  ,do/2 
I  dt^dy  4  (f£)2.2xrdr=  K4(toUod0)2y0  (A-2) 

T'°  -y0/2 Jo2 


4.  Small  metal  particlos  sticking  on  tho  active  sur¬ 
face  of  a  quartz  plato  can  bo  eliminated  by  a  curront 

nbovo  io  ^  '  •  Curront  dependency  of 

rosistanoo  in  these  overdriven  crystal  units  cannot 
appear  again  upon  storago. 


This  valuo  is  oqusl  to  tho  electric  power  stored  in 
indue tanco  Lp, 

,  T 

| J  7  «  =  -F  Ll1o2  (A-3) 

0 

,  whore,  i0s  moan  valuo  of  curront. 
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Then  U0  =  K3  =  k2  ^  i0  (A-4) 

The  maximum  surface  strain  |Sf|  max  is  given  by, 

ISfinax  =  Kj  -——r  i0  .  (A-5) 

f*'  a0 

If  it  is  assumed  that  if  the  maximum  surface  strain 
exceeds  a  certain  value,  smll  particles  are  eliminated. 

That  is, 


|Sf |max 

=  const 

U-6) 

or  i0  =  K 

fr2do3 

'  >rr 

(A-7) 

,  vhore,  K  = 

const. 

142 


Frequency 


Normal  Operating  Mode 


Finish 


Table  I  Sample  Crystals 
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Fig.3  Current  Dependency  of  Crystal  unit  Resistance 
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Fig.  4  Current  Dependency  of  Crystal  Unit  Resistance 
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Fig.5  Relationship  between  Temperature  and 

Current  Dependency  of  Crystal  Unit  Resistance 
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Fig. 6  Gold  Particle  Fig. 7  Scratch 
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Fig .  8  Typical  Current  Dependency  of  Crystal  Unit 
Resistance  Corresponding  to  Each  Cause 
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Fig.  12  Equivalent  Circuit  of  Crystal 
Unit 


Fig.l  3  Current  Dependency  Calculated  from  Equation  (4) 


do :  Diameter  Active  Area 
yo :  Thickness 
uo :  Maximum  Displacement 
n  :  Overtone  Order 
f  :  Density  of  Quartz 


Fig. A  -I  Structure  of  an  AT  Cut  Crystal  plate 
and  its  Displacement  Distribution 
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STANDARDS  AND  THE  FREQUENCY  CONTROL  INDUSTRY 


John  0.  Holmbeck 

Northern  Engineering  Laboratories,  Inc. 
Burlington,  Wisconsin 


Summary 

There  are  many  important  reasons  why  standards 
should  be  formulated,  understood,  and  used,  in  the 
frequency  control  industry.  Unfortunately,  in  the  past, 
their  formulation  has  been  left  to  someone  else,  they 
have  been  unnoticed  or  misunderstood,  and  too  often 
either  misused  or  unused.  There  has  even  been  a  fear 
that  they  will  retard  progress  or  damage  a  hard  won  com¬ 
petitive  advantage.  In  practice,  standards  properly 
conceived  and  applied  can  reduce  costs,  improve  the 
product  and  leave  time  and  effort  that  might  otherwise 
be  lost  "being  original"  to  be  expended  on  real  progress. 
How  much  easier  would  it  be  to  look  up  what  already  ex¬ 
ists  and  would  be  suitable  for  the  purpose,  rather  than 
starting  from  the  beginning  to  design  a  new  one.  If  we 
actively  participate  in  standardization,  it  can  provide 
a  better  forum  for  our  point  of  view  so  that  things  can 
be  done  as  we  know  they  should  be,  rather  than  have 
designs  and  methods  forced  upon  us  by  others  with  less 
knowledge  of  the  subject  and  less  interest  In  any  single 
component,  such  as  a  crystal. 

The  United  States  is  unique  among  developed  nations 
in  having  a  minimum  of  standards  inposed  by  government. 

In  dealing  with  other  countries,  we  often  find  ourselves 
at  a  disadvantage  because  of  lack  of  familiarity  with 
their  standards,  but  they  are  more  familiar  with  ours 
than  we  are.  This  makes  it  relatively  easy  for  them  to 
export  to  us,  but  handicaps  us  in  selling  to  them. 

An  explanation  of  the  types  of  standards  that  exist 
on  both  national  and  international  levels,  and  the 
mechanisms  for  updating  them,  should  improve  their  util¬ 
ity  and  make  participation  more  widespread,  A  standard 
should  be  a  tool,  rather  than  an  obstacle. 

Introduct ion 

This  paper  will  present  an  outline  of  how  standards 
are  developed,  what  they  do  (intentionally  and  uninten¬ 
tionally),  and  how  they  can  be  used  to  better  advantage. 
Our  industry  Is  often  forced  to  accept  situations  that 
are  technically  unsound  simply  because  we  do  not  have 
the  respect  of  other  disciplines  and  do  not  know  what 
authority  to  cite  to  back  up  our  positions. 

History 

The  standards  most  widely  used  by  us  now  came  from 
the  military  In  the  1950  era,  and  they  have  served  a 
dual  role  reasonably  we  1 1  since  then,  but  not  without 
some  disadvantages  that  can  be  overcome  by  action  on 
our  part.  While  the  roles  of  military  and  commercial 
standards  have  some  similarities,  they  also  have  some 
vital  differences. 

The  history  '  WW2  communications  will  show  that 
much  civilian  gear  became  the  nucluous  of  the  military 
systems  at  a  tremendous  saving  of  time,  lives  and  money. 


It  will  also  show  that  the  chaos  caused  by  the  lack  of 
crystal  standards,  either  commercial  or  military,  was  a 
tragic  handicap  in  the  logistics  of  an  explosively  expan¬ 
ding  need.  Both  areas  can  benefit  greatly  by  timely 
action  now  when  the  technology  is  rapidly  changing, giving 
us  a  chance  to  accommodate  these  changes  without  the  mis¬ 
takes  of  the  past.  One  of  the  best  ways  to  become  famil¬ 
iar  with  standards  and  what  they  can  do  for  us,  is  to  par¬ 
ticipate  actively  in  their  formulation  and  revision. 

As  to  the  desirability  of  standards,  let  us  look  at 
a  little  history  of  our  industry,  and  others,  and  then 
consider  the  future. 

Prior  to  WW2  the  United  States  crystal  industry  fe'l 
into  two  basic  categories: 

1.  The  large  corporation  with  a  crystal  department 
set  up  primarily  for  supplying  the  needs  of  the  parent 
company  with  little,  if  any,  outside  clientele. 

2,  The  small  independent  producer  who  sold  mostly 
on  a  "one  of  this  or  two  of  that"  basis  to  anyone  who 
could  mail  him  between  one  and  $100.00. 

The  latter  group  ranged  from  the  one  man,  strictly  cus¬ 
tom  operation,  to  the  more  sophisticated,  a  few  of  whom 
are  still  in  the  business  today.  Until  the  war  made  it 
necessary,  there  was  practically  no  communication  between 
these  producers,  and  such  standardization  that  existed 
consisted  primarily  of  making  crystal  holders  that  would 
plug  into  tube  sockets.  The  situation  was  not  very  much 
different  in  the  rest  of  the  world  because  crystals,  out¬ 
side  the  telephone  field,  were  made  for  an  infinite  vari¬ 
ety  of  applications  and  there  seemed  to  be  no  need  to 
standardize,  because  there  was  little  volume  production 
of  a  single  item. 

Before  we  got  involved  In  the  war,  the  United  States, 
as  the  "arsenal  of  democracy",  supplied  equipment  and 
parts  that  had  been  designed  and  proven  in  other  coun¬ 
tries,  so  we  hod  to  make  crystals  to  fit  their  standards. 

(l  u-.e  the  word  "standards"  loosely  in  this  case.)  This 
was  followed  by  our  own  needs  when  we  began  to  re-arm. 
Since  most  pre  WV2  U. S.  military  radio  communication  gear 
was  not  of  sufficiently  modern  design  to  use  crystals,  as 
much  was  begged,  borrowed,  or  stolen  from  our  commercial 
and  amateur  fields  as  possible,  with  the  result  that  lit¬ 
erally  hundreds  of  different  enclosures,  load  capaci¬ 
tances  and  drive  levels  were  used,  where  proucbly  less 
than  ten  could  have  covered  all  the  needs  nice!/.  In 
addition,  a  whole  new  generation  of  gear  was  quickly 
developed,  with  little  thought  given  to  standards,  add¬ 
ing  to  the  proliferation. 

Much  of  the  "originality"  came  from  not  knowing  what 
someone  else  was  doing,  a  desire  to  have  a  unique  product 
or  a  questionable  "improvement".  Due  to  the  lack  of  idea 
exchange,  technical  capability  varied,  causing  new  types 
to  spring  up,  simply  because  the  manufacturer  did  not 
kn  ow  any  other  way  to  make  the  item. 
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When  the  demands  of  the  war  suddenly  required  huge 
volumes  of  production,  the  government  sought  the  guid¬ 
ance  of  the  only  high  volume  producer  of  crystals  who, 
fortunately,  also  had  the  most  concentrated  scientific 
and  engineering  team  in  the  field  -  the  Bell  Telephone 
System.  While  they  did  not  do  the  whole  job  single- 
handed,  they  did  have  the  necessary  experience  in  both 
the  technical  and  organizational  phases  of  creating  a 
large  industry.  With  the  aid  of  a  few  other  groups  and 
individuals,  they  provided  such  additional  technology  as 
was  required  to  expand  a  few  dozen  small  crystal  shops 
into  volume  producers,  as  well  as  creating  or  converting 
a  number  of  new  ones. 

Some  of  the  first  standardization  in  the  industry 
came  from  the  need  for  the  crystal  producer  and  equip¬ 
ment  maker  to  agree  on  what  was  usable  and  what  was  not. 
This  resulted  in  some  "standard"  test  sets  and  test 
methods  that  were  at  least  reasonably  similar.  Much  of 
the  technical  information  that  was  disseminated  was 
merely  to  ensure  that  a  part  made  in  Kansas  City  would 
work  in  a  set  made  in  Chicago,  which  is  really  what 
standards  are  all  about. 

By  1995,  a  number  of  improved  military  crystal  specs 
had  been  developed  that  served  their  immediate  purpose 
fairly  well,  but  they  had  a  number  of  shortcomings. 

There  was  no  similarity  in  format,  so  direct  comparisons 
for  choosing  one  over  another  were  impractical.  Test 
methods  were  "highly  original"  and  other  problems  were 
plentiful.  After  a  few  years,  the  Armed  Services  Elec¬ 
trostandards  Agency  was  formed  by  the  military  to  bring 
order  out  of  chaos.  This  resulted  in  the  original  ver¬ 
sion  of  HIL-C-3098,  which  again  had  much  guidance  from 
the  Bell  System. 

For  the  first  time  we  had  standard  formats,  defi¬ 
nitions  and  test  methods;  and  crystals  that  were  de¬ 
signed  first  so  equipment  could  be  designed  around  them, 
instead  of  the  reverse.  This  was  a  system  that  the  tube 
industry  had  used  for  many  years  with  great  success. 


ment  manufacturer?  How  much  better  if  each  inquiry  had 
been  answered  with  a  copy  of  the  standard  and  with  a 
more  attractive  price  on  the  standard  crystal  than  on  a 
Special  one.  Since  that  field  is  largely  governed  by 
price,  the  U. S.  manufacturers  could  have  saved  money  on 
some  of  the  horrible  examples  of  oscillator  design,  cor¬ 
relation  troubles,  specification  changes  and  just  plain 
mix-ups  between  customer  and  supplier,  that  occur  today. 
There  is  no  doubt  that  we  could  have  at  least  delayed 
the  takeover  of  a  large  part  of  that  narket  by  offshore 
producers.  We  might  even  have  kept  the  production  of 
the  complete  gear  In  this  country  longer  if  some  of  the 
stumbling  efforts  at  oscillator  design  and  the  result¬ 
ing  crystal  problems,  with  the  added  costs  they  create, 
had  been  avoided.  When  the  HC-25  and  HC-18  moved  into 
the  picture,  along  with  transistors,  we  missed  a  second 
chance  to  do  the  job. 

There  are  numerous  other  areas  where  we  could  have 
done  more,  or  still  can.  The  color  TV  field  benefitted 
greatly  by  one  manufacturer  actually  setting  the  stan¬ 
dards  in  fact,  if  not  in  form.  This  has  resulted  in  a 
minimum  variety  of  specifications  and  has  had  a  great 
influence  on  keeping  most  of  the  color  TV  crystal  pro¬ 
duction  in  this  country.  In  any  field  where  we  hope  to 
develop  a  mass  market,  early  standards  can  infl  ence  the 
choice  of  crystals  over  other  devices,  and  by  keeping 
costs  down,  can  help  to  develop  new  markets. 

Current  Standards 

The  standards  that  our  industry  currently  has  in  this 
country  came  from  the  following  sources: 

I.  IEEE  has  provided  the  basic  physics  and  engineering. 

These  include: 

(a)  Terms  and  definitions 

(b)  Basic  test  methods 

Examples  of  these  are: 


The  reason  that  our  first  national  standard  was  under 
military  auspices  was  the  fact  that  they  we re  the  only 
single  customer  served  by  practically  every  crystal  manu¬ 
facturer.  Also,  the  volume  and  urgency  of  the  require¬ 
ments  usually  dictated  that  a  single  class  of  items 
should  have  more  than  one  source. 

The  manufacturers  of  such  components  as  tubes,  re¬ 
sistors  and  capacitors,  because  their  products  are  used 
in  such  large  numbers,  realized  the  necessity  of  stan¬ 
dards  as  soon  as  the  electronic  boom  began.  This  has 
worked  to  the  advantage  of  everyone  concerned  because 
it  not  only  helped  to  reduce  the  cost  of  producing  the 
item,  but  also  the  cost  of  using  it.  Many  new  markets 
for  electronic  equipment  that  developed,  would  never 
have  appeared  if  those  industries  had  the  lack  of  stan¬ 
dards  that  prevail  in  our  industry.  Low  prices  don't 
mean  loss  of  profit  if  the  cost  can  go  down  faster  than 
the  price.  Two  things  that  bring  cost  down  are  volume 
and  simplification  of  design  and  production.  One  of  the 
greatest  contributors  to  cost  in  the  frequency  control 
field,  is  specifications  that  are  not  really  the  same 
but  neither  are  they  different  enough  to  justify  two 
different  specs.  None  of  us,  including  the  military, 
have  clean  hands  on  this  score. 


Standards  on  piezoelectric  crystals. 
The  piezoelectric  vibrator:  Defini¬ 


tions  and  methods  of  measurements.  This  is  a  docu¬ 


ment  that  every  crystal  manufacturer  and  user  can 
find  most  useful. 


IRE  h 1 78,  Determination  of  the  clastic,  piezo¬ 
electric  and  dielectric  constants,  the  electro¬ 


mechanical  coupling  factor. 

IRE  it  1 79.  Measurement  of  piezoelectric  ceramics. 
IRE  //1 80.  Def  in  it  ions  of  ferro-electric  crystal 


These  standards  are  currently  under  review  for  up- 
dat ing. 

2.  El  A  has  provided  manufacturing  standards  Including: 
(a)  Holders  and  Sockets 

RS-I92-A.  Holder  outlines  and  pin  connections 
for  quartz  crystal  units.  Work  is  constantly  in 
progress  to  keep  this  standard  up  to  dote. 

RS-I68-A.  Dimensional  and  electrical  charac¬ 
teristics  defining  tube  and  transistor  sockets. 
(Includes  crystal  sockets.) 


Let  us  take  an  example  of  a  commercial  product  that 
represents  some  real  volume  crystal  production  -  the 
27  MHz  Citizen  Band  market.  How  many  different  schemes 
are  in  production  today?  How  many  different  load  re¬ 
actances,  drive  levels  and  holders?  How  much  easier 
would  It  have  been  if  a  standard  had  been  evolved  by 
the  crystal  industry  in  which  a  single  unit  along  the 
lines  of  the  CR-23/U,  had  been  proposed,  along  with  a 
suggested  circuit  and  some  guidance,  to  the  CB  equlp- 


(l)  Product  Ion  Tests 

RS-I86-C ,  Standard  test  methods  for  electronic 
components. 

( c)  Application  Information 

Industrial  Bulletin  #6,  Guide  for  the  use  of 
quartz  crystal  units  for  frequency  control. 
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3.  The  military  has  the  most  used  and  complete  U.S. 

National  Standards,  including  many  of  the  above 

factors,  plus  Article  Sheets. 

Host  of  these  standards  have  been  the  result  of  the 
work  of  a  few  dedicated  men,  some  of  whom  have  served 
In  two,  or  even  ail  three,  of  these  organizations,  as 
well  as  the  International  Electrotechnical  Commission, 

I.E.C. 

Many  other  countries  do  not  have  exact  counterparts 
to  our  three  organizations  as  listed  above,  so  they  rely 
heavily  on  I.E.C.  and  use  their  documents  as  national 
standards.  Due  to  the  way  our  national  documents  come 
from  different  sources,  the  military  has  served  as  our 
single  source  of  standards.  This  has  led  to  much  mis¬ 
use  and  dilution  of  MIL-C-3098.  The  I.E.C.,  hr. ever, 
has  one  set  of  documents  that  includes  the  work  of  both 
IEEE  and  EIA.  While  the  other  I.E.C.  countries  have 
made  some  very  valuable  contributions  to  these  documents, 
much  of  the  information  came  from  the  United  States.  In 
many  other  countries,  the  I.E.C.  standards  are  used  the 
way  we  use  our  military  specs  in  both  military  and  com¬ 
mercial  applications. 

The  I.E.C.  has  issued  the  following  documents  that 
can  be  very  useful  because  they  contain  information  that 
has  come  from  so  many  sources  and  some  of  which  is  not 
readily  available  elsewhere  in  sue.')  convenient  form. 

Publ icat .on  122.  I .  Section  1,  Standard  Values  and 

Condit ions. 

Section  2,  Test  Conditions. 

By  searching  through  IRE  #177,  E I A  RS-I86-C,  and  MIL- 
C-3098,  you  can  find  some,  but  not  all,  of  this  data. 

Some  of  it  deals  with  definitions  you  will  possibly  find 
only  on  European  specifications. 

Publication  122.2.  Guide  to  the  use  of  Quartz 
Osci I lator  Crystals. 

This  is  an  international  edition  of  EIA  Industrial 
Bui  let  in  #6. 

Publication  122.3  This  document  contains  the  stan¬ 
dard  outlines  and  pin  connections  of  EIA  RS-I92-A,  as 
well  as  some  information  from  RS-I67-8,  RS-I68-A  and 
MIL-C-3098. 

Publ icat ion  283 .  Methods  for  the  measurement  of  fre¬ 
quency  and  equivalent  resistance  of  unwanted  resonances 
of  filter  crystal  units.  I  know  of  no  other  source  for 
this  particular  information. 

Publ icat ion  302 .  Standard  definitions  and  methods  of 
measurement  for  piezoelectric  vibrators  operating  over 
the  frequency  range  up  to  30  MHz.  This  is  actually  an 
updated  version  of  IRE  // 1 77.  Work  Is  now  In  progress  to 
extend  the  frequency  range  upward. 

Publ icat ion  314.  Temperature  control  devices  for 
quartz  crystal  units.  This  has  no  exact  U.S.  counter¬ 
part.  It  was  written  in  Europe.  Perhaps  MIL-0-3902IA 
comes  as  close  as  any,  but  is  not  as  complete.  The 
definitions,  test  methods  and  basing  standards  should 
make  this  document  very  useful. 

The  "Mul t ipart Ite"  agreement, wh ich  is  forthcoming, 
will  make  It  mandatory  to  comply  with  I.E.C.  standards 
to  ship  components  Into  the  signatory  countries.  Most 
countries,  with  any  kind  of  electronic  industry,  are 
expected  to  join  the  pact  so  the  I.E.C.  standards  will 
be  the  "MIL  specs  of  the  export  business". 


TC-49,  which  is  the  I.E.C.  Techni  cal  Commi ttee  on 
frequency  control  devices,  is  divided  into  a  number  of 
working  groups.  They  are: 

1.  Crystals  and  Holders 

2.  Filters 

3.  Ovens 

4.  Ceramics 

5.  Cultured  Quartz 

6.  Measurements 

7.  Oscillators 

Most  other  countries,  with  their  government  owned 
and  operated  telephone  and  radio  communication  indus¬ 
tries,  are  much  more  "national  standard"  oriented  than 
we  are.  In  order  to  live  with  all  the  standards,  they 
lad  to  learn  to  handle  them  reasonably  well.  As  a  con¬ 
sequence,  while  we  have  provided  much  of  the  technical 
leadership,  their  organizational  experience  has  been 
most  helpful. 

With  the  alarm  that  was  created  by  the  Tripartite 
Agreement,  which  is  now  expanded  to  Multipartite,  the 
United  States  government  has  decided  to  lend  support 
through  the  Commerce  Department  to  some  of  these  activi¬ 
ties,  but  it  is  not  clear  to  what  extent.  Each  industry 
that  does  not  have  its  house  in  order  can  probably  look 
forward  to  some  government  imposed  "standards". 

The  Future 

If  we  all  do  our  part  supporting  standards,  it  does 
not  have  to  be  an  expensive  proposition,  and  it  can  be 
made  to  pay  dividends.  If  we  wait  for  the  government  to 
do  it,  every  dollar  of  federal  support  will  carry  with 
it  several  dollars  of  federal  control  that  can  be  an 
obstacle  in  domestic  as  well  as  foreign  business. 

One  reason  for  the  government  involvement  is  that 
part  of  the  Multipartite  proposal  Is  for  a  certification 
plan  similar  to  our  military  QPL ,  for  components  to 
enter  these  countries.  Some  of  them  seem  to  feel  that 
for  such  a  certification  plan  to  be  of  any  value,  the 
hand  of  national  government  has  to  be  involved  somewhere. 

As  a  result  of  working  with  the  various  I.E.C.  work¬ 
ing  groups,  it  became  obvious  that  there  would  be  con¬ 
siderable  merit  in  having  our  national  standards  work 
organized  in  a  compatible  manner.  Consequently,  the  EIA 
Engineering  Working  Group  is  now  developing  task  groups 
to  work  in  these  various  areas.  The  IEEE  groups  on 
Sonics  and  Ultrasonics,  and  Frequency  and  Time,  also 
have  appropriate  subdivisions. 

The  ideal  way  for  I.E.C.  to  work  is  to  hove  each 
nation  submit  its  national  documents  for  comment  and  if 
the  comments  are  favorable,  they  become  the  world  stan¬ 
dard.  If  we  submit  ours  first,  they  become  the  standard. 
The  comments,  even  if  they  are  unfavorable,  can  help  by 
showing  up  features  that  will  make  the  product  poor  for 
the  export  market.  Another  advantage  of  leading,  is  it 
makes  the  less  developed  countries  look  to  the  United 
States  for  the  equipment  to  update  their  electronic  in¬ 
dustry.  It  also  helps  to  be  able  to  discuss  specs  with 
export  countries,  in  terms  of  I.E.C.  standards,  on  type 
designations,  dimensions,  definitions,  pin  connections, 
and  so  forth. 

Ohe  advantage  of  the  I.E.C.  documents  over  our 
National  documents  is  the  fact  that  a  complete  set  of 
them  can  be  obtained  from  one  source.  They  include  in¬ 
formation  that  can  be  obtained  partly  from  EIA  and  part¬ 
ly  from  IEEE,  besides  some  foreign  Input  that  is  not 
available  from  other  sources.  There  is  a  need  for  a 
frequency  control  designers  kit  in  this  country  that 
would  gather  all  this  information  together  between  one 
set  of  covers  and  could  be  bought  as  a  single  item. 
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One  reason  the  military  specs  have  been  so  widely  used 
and  rals-used,  is  the  fact  that  such  complete  coverage  is 
provided  In  one  document  that  can  be  ordered  under  one 
number  and  you  don't  get  the  bill  till  April  15th. 

If  these  documents  were  used  as  they  should  be,  the 
man  hours  now  spent  on  negotiating  technical  details 
with  customers,  would  pay  for  the  time  needed  to  comment 
on  the  standards  to  keep  them  correct  and  current. 

There  are  a  number  of  problem  areas  that  need  atten¬ 
tion  In  the  past,  we  had  a  few  key  people  who  could 
always  be  depended  upon  to  do  what  needed  to  be  done 
when  nobody  else  would  do  it.  This  certainly  got  things 
done,  but  it  had  a  number  of  drawbacks,  't  left  us  with 
too  much  of  a  feeling  that  each  of  us  did  not  have  to 
do  his  part  because  somebody  else  would  do  it  when  it 
became  urgent.  It  also  put  too  many  eggs  In  each  basket. 
Because  our  standards  were  taken  care  of  for  us,  we  took 
them  for  granted  and,  in  too  many  cases,  never  knew  they 
existed,  or  at  least  what  they  provided  for. 

Both  manufacturers  and  users  of  frequency  control 
devices  should  take  a  good  hard  look  at  their  attitudes 
and  practices  where  standards  are  concerned.  How  often 
do  you  actually  consult  R S - 1 9 2 -A  before  you  make  a 
holder  drawing?  Do  you  ask  for  non-standard  dimensions 
when  standard  ones  would  do  just  as  well  If  you  knew 
what  they  were?  Do  the  words  you  use  in  your  specs  mean 
the  same  to  you  as  they  are  defined  in  standard  "Terms 
and  Definitions"?  How  many  engineers  do  you  encounter 
who  refer  to  "series  mode"  or  "parallel  mode"  crystals  as 
If  they  were  as  different  as  fundamental  and  overtone, 
indicating  that  they  are  in  need  of  some  homtwork  on 
IRE  #177,  or  at  least  ElA  Bulletin  IIS ? 

There  are  a  number  of  ways  that  you  cun  help  your¬ 
self  and  your  industry. 

1.  Have  someone  in  your  organization  serve  on  ElA 
and  IEEE  Committees.  The  best  way  is  through  membership, 
but  ElA  has  an  alternate  arrangement  on  which  I,  or  any¬ 
one  else  at  ElA  Headquarters,  can  give  details. 

2.  When  asked  to  comment  on  proposals,  read  them 
thoroughly  and  comment.  When  I  sec  one  returned  "no 
comment"  from  someone  who  should  be  interested,  it  is 
difficult  not  to  conclude  "he  did  not  read  it",  especial¬ 
ly  if  it  contains  some  obvious  errors! 

3.  Get  your  comments  in  on  time  so  they  can  be 
correlated  or  discussed. 

b,  I f  you  see  a  need  for  a  standard  or  want  to 
propose  one,  notify  the  chairman  of  the  appropriate 
group. 

Standards,  like  death  and  taxes,  arc  going  to  be 
with  us,  like  it  or  not,  so  let  us  see  that  they  arc 
more  pleasant  than  death  and  put  to  better  use  than 
taxes. 


The  previously  mentioned  documents  can  be  purchased 
from  the  following  sources: 

IRE  Standards  -  IEEE,  The  Institute  of  Electrical  t 
Electronics  Engineers,  Inc. 

3b5  East  b7th  Street,  New  York,  N.  Y.  10017 

ElA  Publ Icat ions  -  Electronic  Industries  Association 
2001  Eye  Street,  N.W. ,  Washington,  D.C.  2000S 

I  EC  Publ icat ions  -  American  National  Standards  Instltu'e 
1 2+30  Broadway,  New  York,  N.  Y,  10018 
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TIME  CONTROL  OF  FREQUENCY  SHIFT  KEYED 


TRANSMISSIONS  AT  VLF 

R.  R.  Scons,  T.  H.  Gattls  and  R.  C.  Petit 
Naval  Research  Laboratory 

and 

T.  N.  Lieberman 

Naval  Electronic  Systems  Coirmand 


Sunmarv 

Since  1960,  the  Navy  has  provided  phae  stabilized 
transmissions  from  Its  high  powered  VLF  communications 
stations  as  a  means  for  rating  precision  frequency 
oscillators  at  remote  points.  Recently,  emphasis  has 
been  placed  upon  adding  precision  time  reference  capa¬ 
bilities  to  these  transmissions. 

A  system  has  been  developed  by  which  the  point  of 
transition  of  the  frequency  shifted  signal  can  be 
controlled  ac  a  precise  rate  and  a  defined  time  during 
normal  communication  periods.  Means  have  also  been 
developed  to  permit  the  transmission  of  scheduled  time 
signals. 

The  time  of  the  frequency  shift  transition,  the 
phase  coincident  point  between  the  MARK  and  SPACE 
frequencies  and  the  zeto  crossing  of  the  positive  slope 
of  the  "ON  frequency  carrier  are  controlled  to  +  1 
microsecond  of  the  station  clock.  Lcslum  beam  standards 
and  the  associated  clocks  at  the  station  arc  referenced 
to  the  U.S,  Naval  Observatory  via  "flying  clocks"  or 
the  DSCS  satellite  time  transfer  system. 

The  first  Installation  of  this  system  has  been 
made  at  station  NWC  at  the  Harold  E.  Holt  Communica¬ 
tions  Station  at  North  West  Cape,  Australia. 

Tills  paper  discusses  techniques,  instrumentation 
and  problems  Involved  In  the  development  of  the  system 
for  the  transmitters.  Data  on  the  operation  of  the 
system  at  the  remote  receive  end  will  b<  presented  and 
discussed  at  a  later  date  when  the  system  has  been 
operated  sufficiently  long  to  permit  evaluation. 

*  '•  *  *  *  * 

Since  1960  the  Navy  has  employed  Its  high-powered 
VLF  system  os  a  means  of  rating  precision  frequency 
oscillators  at  remote  points.  The  wavelengths  of  these 
frequencies  (15  KHz  to  35  KHz)  arc  sufficiently  long, 
compared  to  variations  in  the  length  of  the  propagation 
path,  that  phase  tracking  of  the  received  carrier  at 
remote  points,  even  after  several  reflections,  can  be 
easily  accomplished.  Atomic  standards  at  the  trans¬ 
mitter  provide  frequency  control  of  better  than  one 
part  In  10^  and  permit  the  rating  of  oscillators  at 
the  received  point  to  better  than  one  part  In  10  , 

At  the  present  time,  there  arc  seven  of  these 
high-powered  VLF  transmitters  as  shown  In  Figure  l, 

(A  recent  Installation  has  been  made,  NDT,  In  Yosaml, 
Japan.)  New  antenna  systems  are  being  Installed  In 
Hawaii  and  Annapolis.  S'Ome  of  these  stations  have  been 
operating  3lnce  the  mid'1930's,  at  which  time  they 
employed  tuned  circuits  at  the  Input  and  Intermediate 
stages.  At  the  present  time,  all  stations  have  been 
updated  with  broadband  amplifiers  and  they  employ 
tuning  only  at  the  output/antenna .  The  newer  system 
greatly  simplifies  the  transmission  of  time  signals. 


Operation  In  the  CW  mode  Is  quite  simple,  since 
all  that  is  required  Is  a  precision  reference  for  the 
carrier.  Frequency  shift  keying  (FSK)  presents  a 
somewhat  more  difficult  problem.  The  format  used  for 
the  VLF  frequency  shift  signal  Is  shown  In  Figure  2. 
The  bandwldths  of  the  antenna  systems  at  these  freq¬ 
uencies  are  narrow  and  they  restrict  the  speed  and 
magnitude  of  the  carrier  shifts.  A  50-baud,  7.0  <-ele- 
type  code  is  employed.  The  bit  lengths  are  20  milli¬ 
seconds  (msec)  and  the  transition  time  between  the 
stabilized  points  of  the  carriers  Is  2  msec.  Fifty 
cycle  carrier  shift  Is  employed. 

To  permit  the  use  of  phase-coherent  recclvecs  for 
phase  comparison  at  the  remote  sites,  it  is  necessary 
that  the  carrier  being  measured  be  continuous  in 
phase,  as  shown  on  the  lower  portion  of  Figure  2. 
Because  of  the  high  power  involved  and  the  high  Q  of 
the  antenna  system,  phase  discrepancies  at  the  point 
of  transition  will  produce  transients  which  result  in 
high  voltage  flash-overs  In  the  transmitter.  Where 
two  carriers  are  employed,  It  is  nccessa  v  that  the 
transition  between  them  occur  at  a  point  of  phase 
coincidence.  Fortunately,  with  bit  lengths  of  20 
msec  and  carrier  separation  of  50  cycles,  phase  coin¬ 
cidence  will  occur  at  each  transition  point.  However, 
at  the  time  of  the  installation  of  the  FSK  system,  It 
was  not  operationally  feasible  to  precisely  control 
the  baud  rate;  therefore,  one  of  the  carriers  was 
controlled  in  phase  to  maintain  phase  coincidence  ac 
the  transition  point  and  the  omcr  carrier  was  phase- 
controlled  relative  to  the  reference  standard.  In 
octual  operation,  the  frequency  of  the  phase-controlled 
carrier  Is  set  at  the  station  assigned  frequency  and 
the  other  carrier  Is  offset  50  cycles  either  above  or 
below  the  assigned  frequency.  At  the  remote  receive 
end,  the  on-frequency  carrier  is  phase-stable  except 
for  propagation  variations  and  the  offset  liequency 
carrier  contains  the  phase  variations  which  are 
required  to  compensate  for  the  mise-tlmlng  of  the 
teletype  bit  stream. 

The  Instrumentation  which  Is  now  available  at  all 
VLF  stations  Is  shown  In  Figure  3.  A  cesium  beam 
reference  standard  is  used  to  drive  a  divider  bank 
which  produces  the  frequencies  needed  In  the  synthe¬ 
sizer  and  also  to  provide  two  frequencies,  50  cycles 
apart,  to  be  used  by  the  kcycr.  These  two  frequencies 
arc  fed  Into  a  switch  and  also  Into  a  coincidence 
detector.  The  input  key  stream  sets  a  gate  which  is 
activated  by  the  coincidence  pulses.  The  output  of 
the  gate  in  turn  activates  the  switch  in  response  to 
the  input  keying  at  the  phase-coincidence  points 
between  the  two  frequencies.  The  shifted  output  from 
the  switch  Is  converted  to  a  6lne  wave  by  a  locked 
oscillator  and  controlled  in  shift  time  by  the  time 
constant  of  a  servo-controlled  oscillator.  This 
output  Is  mixed  with  the  frequencies  in  the  synthe¬ 
sizer  to  produce  the  VLF  control  frequencies  oi  19 
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to  36  KHz. 

Recently,  emphasis  has  been  on  controlling  the 
point  of  transition  of  the  FSK  signal  at  a  precise 
rate  and  a  defined  time.  A  system  has  been  developed 
and  was  put  Into  operation  at  the  Northwest  Cape, 
Australia  (NWC)  Installation  in  January  1971.  When  a 
cocmunleatlons  system  Is  used  for  precision  time  and 
frequency  purposes,  It  Is  necessary  chat  the  communi¬ 
cations  aspects  of  the  system  be  preserved.  In  the 
case  of  the  VLF  system,  Che  teletype  code  stream  carry¬ 
ing  the  Information  Is  generated  In  a  remote  classified 
area  and  Is  "covered".  Several  sources  of  error  must 
be  recognized  and  compensated  for  by  the  system. 

First,  noise  bursts  sometimes  occur  on  the  control 
line,  producing  extraneous  bits  or  "hits";  second,  at 
certain  times  erroneous  or  non-control led  (that  is 
out-of-tlme)  signals  may  be  imposed  on  the  line;  and 
third,  some  mistiming  may  occur  between  the  keying 
stream  and  the  precision  time  stream  generated  from  the 
standard. 

A  scorago-retlmcr  unit  has  been  developed  which 
overcomes  these  problems  by  storing  the  Incoming 
teletype  code  scream,  and  rcclocking  the  code  stream 
out  at  a  rate  synchronized  to  the  local  frequency 
standard.  The  input  and  output  code  streams  are 
identical  except  delayed  In  time. 

A  block  diagram  of  the  unit  Is  shown  in  figure 
four.  The  Input  section  consisting  of  the  gate,  count 
to  twelve  and  flip  flop  eliminates  noise  bursts  and 
transients  from  the  Incoming  code  stream.  It  Is,  in 
effect,  a  low  pass  filter  which  must  have  a  count  of 
twelve  before  It  will  acknowledge  a  change  to  mark  or 
space.  This  circuitry  quite  effectively  eliminates 
extraneous  noise  bursts.  The  input  clock  generator 
circuitry,  consisting  of  the  phase  detector,  two  counts 
to  fourteen,  and  a  count  to  sixteen,  recognizes  an 
out-of-tlme  or  randomly  keyed  signal  and  generates  a 
50  Hz  signal  which  is  synchronized  to  the  incoming 
code  stream.  The  tracking  range  of  the  input  clock 
circuitry  Is  limited  to  a  few  parts  in  10"-*.  This 
prevents  erroneous  shifting  of  the  incoming  data  and 
consequent  loss  of  synchronization  in  the  communi¬ 
cation  system.  The  incoming  code  stream  Is  stored 
in  the  eight  bit  storage  register  and  Is  clocked  out 
by  the  50  Hz  standard  clock  pulses.  It  is  expected 
that  timing  errors  of  several  parts  in  '07  will  occur 
between  the  Incoming  bit  stream  and  the  standard  clock 
controlled  bit  stream.  There  arc  approx,  lately  lour 
million  20  milliseconds  bits  In  a  day,  tl  refore  one 
half  of  the  storage  or  four  bits  will  allow  an  off¬ 
set  of  approximately  1  x  lO"*".  The  display  section 
displays  the  storage  position  of  the  incoming  data 
versus  the  outgoing  data. 

Since  all  of  the  frequency  and  timing  aspects  of 
the  transmissions  are  derived  from  the  same  reference 
standard,  it  13  possible  to  set  the  transmission  on 
epoch  time  relative  to  the  station  clock.  A  phase 
shift  servo  control  system,  which  is  part  of  the 
frequency  stabilization  system,  maintains  the  phase 
of  the  transmitted  "on  frequency"  carrier  in  a  fixed 
relation  to  the  driving  signal.  The  first  step  is  to 
set  the  zero  crossing  of  the  positive  slope  of  one 
of  these  cycles  on  epoch  time,  illustrated  in  figure 
5.  The  enter  of  the  ficqucncy  shift  transition  was 
chosen  as  the  time  reference  point.  This  point  is 
moved  by  varying  the  phase  of  the  off-set  frequency 
until  It  Is  co- Incident  with  epoch  time.  The  center 
point  was  chosen  because  it  can  be  easily  set  at  the 
transmitter  and  extracted  at  the  receiver  by  means 
of  a  discriminator.  To  date  no  conclusive  long  term 
data  has  been  taken  to  determine  the  accuracy  to  which 
the  time  may  be  extracted  at  the  receiver.  However; 
the  mid-transition  point  and  the  carrier  cycle  cross¬ 


over  ore  controlled  at  the  transmitter  at  NWC  to 
better  than  one  microsecond.  These  points  are  set 
manually  at  present,  but  automatic  equipment  is  being 
developed.  The  accuracy  to  which  the  mid-point 
transition  can  be  extracted  at  the  receiver  Is  about 
+  10  microseconds  (nsec).  This  will  allow  the  selec¬ 
tion  of  a  particular  cycle  since  the  period  of  the 
VLF  frequencies  are  from  66  usee,  co  33  usec.  Ex¬ 
traction  of  time  from  the  cycle  zero  crossing  should 
be  approximately  what  can  be  obtained  by  phase  record¬ 
ing  or  +  1  microsecond.  Control  of  the  phase  of  bch 
carriers  will  also  allow  the  use  of  a  system  somewhat 
similar  to  that  used  by  the  Bureau  of  Standards  in 
which  each  of  the  carriers  can  be  phase  tracked  sep¬ 
arately,  then  mixed  in  a  coincidence  <  -ctor  to  yield 
20  msec,  markers.  It  can  then  be  co-  zd  against  tl"1 
local  clock. 

The  control  of  the  transition  of  the  FSK  signal 
will  provide  time  markers  at  20  r  sc.  intervals  through¬ 
out  the  normal  communication;  however,  for  many  cases, 

It  is  necessary  to  periodically  identify  seconds, 
minutes,  and  hours.  The  simplest  method  of  accomplish¬ 
ing  this  is  to  periodically  send  time  signals.  Fig. 

6  Is  a  block  diagram  of  the  FSK  time  signal  code 
keyer.  It  consists  of  a  series  of  gate  controlled 
outputs  from  a  digital  clock,  such  that  "time"  In  the 
American  code  can  be  transmitted  when  desired. 
Twenty-five  Hz.  reversals  are  gated  by  the  American 
time  code  to  produce  the  keying  signal  for  the  FSK 
Coherent  Generator.  The  beginning  of  the  time  signals 
is  controlled  manually  and  the  shift  back  to  normal 
FSK  traffic  is  controlled  ly  the  one  pulse  per  hour 
marker.  The  shift  occurs  one  second  after  the  hour. 

A  diagram  of  the  code  pulse  is  shown  in  Fig.  7.  The 
first  three  hundred  msec,  of  the  code  consists  of  20 
msec,  reversals.  This  is  followed  by  a  70 v  msec, 
steady  signal  of  the  offset  carrier.  The  beginning 
of  the  second  occurs  at  the  half  transition  point 
of  the  start  of  reversals.  The  time  signal  which  is 
produced  at  the  remote  receiver  Is  very  easily 
recognized  by  ear.  Figure  seven  shows  the  time 
signals  to  begin  two  minutes  before  0430  and  1630. 

This  is  the  format  which  is  used  at  NWC.  Starting 
of  the  signals  at  the  half  hour  point  was  necessary 
because  communications  could  not  be  Interrupted  at 
the  hour  point.  It  is  expected  however  that  at  other 
VI.F  stations  the  time  signals  will  be  sent  during  the 
last  five  minutes  before  the  hour. 

Fig.  8  shows  the  format  of  the  American  time  code. 
The  29th  second  is  omitted  from  every  minute,  and  there 
are  seconds  omissions  according  to  this  tabic  which 
indicates  the  minute  for  the  time  mark.  The  time  mark 
Itself  is  followed  by  a  1  second  tone,  or  in  the  case 
of  FSK  by  one  second  of  reversals. 

Several  techniques  ore  possible  for  the  detection 
of  a  frequency  transition  between  two  radio  frequency 
(RF)  corrlers.  Two  which  come  to  mind  immediately 
are  the  frequency  discriminator  which  Is  found  In  many 
coimmn  lent  Ion  type  receivers  and  the  synchronous 
detector  which  Is  used  in  VLF  Phase  Tracking  receivers. 
Figure  9  illustrates  the  use  of  a  synchronous  detector 
for  identifying  a  frequency  transition  point.  The  RF 
signal  from  the  antenna  is  amplified  and  connected  to 
one  input  to  a  synchronous  detector.  A  24  KHz  signal 
synchronized  to  the  local  frequency  standard  supplies 
the  second  input.  The  detector  output  for  a  locally 
generated  24  KHz  reversal  signal  is  shown  in  the 
photographs  on  the  left  of  Figure  9.  Note  that  the 
negative  (or  positive)  going  cycle  can  be  estimated  to 
approximately  +  10  usec.  The  two  p'  Jtogisphs  on  the 
right  in  Figure  9  show  detected  FSK  signals  received 
from  NBA  at  24  KHz.  lhe  negative  going  transition 
can  be  estimated  to  +  10  usec.  The  modulation  on  the 
detected  waveforms  is  RF  which  was  passed  through  the 


low  pass  filter  following  the  detector.  It  should  be 
noted  that  the  two  lower  photographs  have  been  aver¬ 
aged  over  several  seconds  by  the  oscilloscope  camera. 
Even  so,  It  would  not  be  difficult  to  visually  obtain 
an  accuracy  of  well  within  100  jjseconds  directly. 

Figure  10  Illustrates  the  use  of  a  frequency 
discriminator  for  detecting  the  transition.  The  RF 
from  the  antenna  Is  amplified  and  mixed  with  the 
receiver  local  oscillator  to  obtain  the  immediate 
frequency  (IF).  The  IF  bandwidth  must  be  sufficiently 
wide  to  pass  the  50  Hz  offset  frequency.  The  IF 
signal  Is  fed  Into  a  discriminator  whose  output  Is 
shown  in  the  photographs  In  figure  10.  The  two  photo¬ 
graphs  on  the  left  are  for  reversals  from  a  locally 
generated  FSK  (18.6  KHz)  signal.  The  photograph  In 
the  lower  left  Indicates  the  ability  to  detect  a 
transition  to  approximately  +  10  usoc.  The  photographs 
on  the  right  show  the  response  for  a  FSK  signal  from 
NPC  18.6  KHz.  The  lower  right  photograph  Illustrates 
that  the  transition  from  NPG  can  be  detected  with 
approximately  the  same  precision  as  for  the  local, y 
generated  reversal  case.  The  two  tower  photographs 
were  average  over  several  seconds.  The  double  pattern 
Is  caused  by  overlapping  sweeps.  The  receiver  Input 
signal  levels  were  approximately  25  uv.  Locally 
generated  signals  In  the  1  u->olt  region  have  yielded 
approximately  the  same  results  as  outlined  above,  but 
at  present  no  off-thc-alr  checks  have  been  made  for 
signals  in  this  region. 

In  order  to  obtain  the  +  10  usoc.  accuracy  needed 
to  Identify  a  cycle,  some  form  of  signal  averaging  Is 
required.  An  experimental  FSK  -  Time  Signal  Averager 
has  been  developed  by  NRL.  A  block  diagram  of  the 
unit  is  shown  In  Figure  11.  The  unit  measures  the  time 
delay  between  n  local  clock  and  a  received  transition, 
and  performs  an  average  of  a  number  of  time  delay 
measurements  and  synchronizes  the  local  clock  pulse  to 
the  average. 

The  discriminator  output  Is  fed  Into  the  transition 
dctcctor/shapcr  circuitry  which  produces  a  pulse  for 
each  transition. 

The  50  Hz  reset/start  signal  to  the  time  delay 
counter  circuitry  causes  the  1  MHz  counter  to  reset 
to  zero  and  start  counting.  The  counter  continues  to 
accumulate  a  total  until  a  transition  pulse  occurs 
which  stops  the  counter,  or  until  a  50  llz  reset/start 
pulse  occurs  which  resets  the  counter  and  starts  the 
measurement  again.  If  a  transition  pulse  stops  the 
counter,  the  count  Is  added  In  the  digital  Integrator 
to  the  previous  totol.  This  count/add  sequence 
continues  until  the  number  of  transitions  measured 
equals  the  number  of  samples  desired.  The  following 
sequence  Is  then  Initiated;  (a)  The  accumulated 
total  In  the  Integrator  Is  then  loaded  Into  the 
shift  register  divider  (SRD)  circuitry,  (b)  A  divide 
signal  from  the  Master  control  section  causes  the  SRD 
to  divide  by  the  number  of  samples  taken,  (c)  The 
computed  average  of  the  transition  delay  appears  at 
one  Input  to  the  comparator  circuitry,  (d)  a  signal 
"on  time"  with  the  reset/start  pulse  from  the  master 
control  section  causes  the  comparator  counter  to  reset 
to  zero  and  start  to  count,  (e)  A  gate  control  signal 
from  the  master  control  section  activates  the  compa¬ 
rator  circuitry.  When  the  count  of  the  comparator 
counter  equals  the  computed  average  from  the  SRD,  a 
reset  pulse  from  the  comparator  resets  the  master 
counter.  The  two  master  counter  clock  outputs  (reset/ 
start  and  the  transition  time  estimate)  are  now 
synchronized  to  the  average  transition  pulse  (time 
marker).  The  i  -ansltion  time  estimate  and  the  reset/ 
start  pulse  from  the  roaster  counter  have  a  20  msec, 
repetition  rate  and  are  offset  by  exactly  ten  msec. 

The  transition  tine  estimate  Is  synchronized  to  the 


averaged  transition  time.  The  number  of  samples  can 
be  programmed  to  average  2^,  2®,  2^  0r  2^®  tran¬ 
sitions. 

Figure  12  shows  a  sample  of  the  results  obtained 
using  the  receiver/discriminator  output  and  the  Time 
Signal  Averager.  This  photograph  was  obtained  using 
a  locally  generated  24  KHz  reversal  keying  signal. 

The  horizontal  white  line  shows  the  spread  of  the 
incoming  transitions  at  the  input  to  the  time  delay 
counter.  Most  of  the  transitions  occur  in  a  100  usec. 
region.  The  transition  time  estimate  (dots  shown  in 
photograph)  averaged  over  2°  samples  has  a  variation 
of  approximately  +  10  useconds. 

The  repeatability  of  detecting  the  frequency 
transitions  of  an  on-thc-alr  FSK  signal  from  NAA  (17.8 
KHz)  is  shown  in  Fig.  13.  Using  a  communication 
receiver  (discriminator  technique  discussed  earlier) 
and  the  Time  Signal-Averager,  jS  transitions  were 
averaged.  Each  2®  averaging  period  requires  approx¬ 
imately  8  seconds  with  a  psuedo-rartdom  keying  signal. 
The  data  shown  demonstrates  the  ability  to  measure 
the  frequency  transitions  to  within  +  10  microseconds. 
The  signal  level  of  NAA  transmissions  are  high  in  th^ 
Washington  area,  but  similar  tests  for  transitions 
from  NBA  with  signal  levels  received  at  NRL  of  approxi¬ 
mately  30  mlcrowolts  have  produced  transition  data  in 
the  same  range  as  those  shown  for  NAA.  Ths  deviation 
can  be  further  reduced  by  increasing  the  averaging 
time.  However,  os  presently  constituted,  without 
storage  capabilities,  the  off-set  frequency  shifts 
too  often  to  permit  longer  averaging  times. 

Within  the  next  several  months  we  expect  to 
Install  time  control  equipment  at  NBA  (24  KHz).  On 
the  basis  of  the  results  of  data  taken  on  these 
transmissions  the  various  techniques  will  be 
evaluated.  These  results  and  associated  techniques 
will  be  published  later. 
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SCHEDULE  Of  TIME  AND  FREQUENCY  TRANSMISSIONS 
ON  Vlf  FROM  U.S.  NAVAL  RADIO  STATIONS 


SUtlco 

Location 

Frequency 
ft  Hi) 

Nominal 
Radiated 
Power  fcw) 

Maintenance 

Spacla!  Transmissions 

KM 

Cutler.  Maine 

17.80 

1.000 

1400  to  UOO  ITT 
•ach  Friday 

FSK  for  two  hours  followed  by  CW  for  one 
hour.  Phase  stable  on  17.80  but  not  on 
17.85  kHt. 

KVA 

Ulbce,  Canal  Zona 

28.00 

ISO 

1200  to  1100  UT 
each  Monday 

Tima  signals  on  CW  Morse  from  SS  to  60th 
minute  every  even  hour  except  23SS  to  2400 
UT.  FSK  continuous  at'other  times.  Phase 
stable  on  24.00  hut  no  on  24. OS  kHt. 

NIX 

Jtai  Creek,  Washington 

4I°12IIN, 

mojsiow 

18.60 

2S0 

1000  to  1S00  ur 
second  Thursday 
of  aach  month 

FSK  continuous  except  five  minutes  before 
each  even  hour  on  locked  key.  Phase 
ruble  on  18.60  but  not  on  11. 6S  kKs. 

NPM 

lixliuUI,  Kawtll 

23.40 

lav 

1700  UT  Monday 
to  0200  UTTUas- 
day  1st  and  3rd 
Monday  of  aach 
month. 

FSK  continuous.  Phase  stable  on  23.40 
but  not  on  23. 45  kHr.» 

KSS 

Anna  poll*,  Md. 

21.40 

IS 

1300  to  1900  UT 
aach  Wedneaday 

Time  signals  (rocs  SS  to  60th  minute  aach 
how.  CW  Morse  continuous.  Phase  stable, 

NWC 

North  Watt  Capa, 
Australia 

21°49 I0S, 

1I4°09I«L 

22.30 

1,000 

0000  to  0)00  u? 
aach  Monday 

FSK  and  CW.  Phasa  stable  on  22.30  but 
not  on  22. 3S  kHi. 

VLF  FSK  SIGNAL  FORMAT 

- 20  ms— H  »  50  Baud 


2  ms 


Cowrod 
SO  Cycle  Shift 
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STORAfiE/RETIMER 


HEW  TIME  SI&MA1  FORMAT 


TIME  CODE  FOR  U.S.  NAVAL  RADIO  STATIONS  (AMERICAN  CODE) 

Time  signals  (dashes)  ere  transmitted  (or  each  second  of  the  five  minute 
period  with  the  following  exceptions: 

a.  Omit  29th  sec/mln. 

b.  Second  omissions  permit  minute  identification. 


Zero  crossing  oi  trie  ON  TRtQ 
Carrier"  on  CPOCH  TIME 
Expected  accuracy  -  ♦  t  ^rsec 


Phase  coincidence  of  the 
two  cerriara  set  to  occur 
et  the  center  of  the  FJK 
transitions 


U^uywi/IMMA  , 


WU\AAAAAAMnnA 


156 


% 

-~x 

1 


f 


LOCAL  GENERATED  FSK  TRANSMISSIONS 

24  KM/  REVERSAL  SIGNAL  PROM  NBA  24  KM 


TIME  SURAL  kit  mil 


REPEATABILITY  EXPERIMENT 
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OMEGA  VLF  TIMING 


E.  R.  Swanson  and  C.  P.  Kngel 

Naval  Electronics  Laboratory  Center 
San  Diego,  California  92152 


PREFACE 

This  paper  is  an  abridgement  of  NELC  Technical  Report 
1740'  -  a  143-page  study  done  to  consider  application  of  Omega  to 
timing  of  NASA  telemetry  stations. 

SUMMARY 

A  timing  site  may  be  established  by  installing  suitable  equip¬ 
ment  and  selecting  suitable  signals  for  observation  At  the  present 
time,  a  convenient  choice  of  equipment  would  be  a  conventional  navi¬ 
gation  receiver  with  a  whip  antenna  modified  for  signal-injection  cati 
bration  using  a  special  injector  and  keyer  Path-selection  studies  can 
be  made  for  the  specific  receiving  site;  however,  daytime  measurements 
near  noon  on  the  Omega  transmissions  between  10  2  and  1 3.6  kHz 
probably  will  prove  most  satisfactory  Gross  epoch  can  be  established 
by  lead-edge  techniques.  Epoch  resolution  then  can  be  employed  to 
identify  particular  rf  carrier  periods.  Once  initially  set,  epoch  can  be 
maintained  by  reliable  dividers  and  periodic  fine-epoch  measurements 
at  vaiious  carrier  frequencies.  If  the  signal  stabilities  are  adequate 
epoch  verification  may  be  possible  via  signals  from  different  stations 
at  different  frequencies.  If  significant  differences  are  indicated,  direct 
measurements  for  epoch  verification  should  be  initiated  Clock  fre¬ 
quency  is  derived  from  a  combination  of  a  quality  frequency  standard 
and  a  periodically  adjusted  phase  shifter  The  frequency  error  of  the 
standard  is  estimated  by  a  regression  of  indicated  epoch  on  time  and 
is  compensated  by  periodic  phase  shift.  Adjustments  .ire  obtained 
from  daily  epoch  errors  derived  over  perhaps  four  propagation  paths 
and  are.  applied  in  accordance  with  an  adopted  adjustment  procedure 
Through  the  use  of  a  cesium  frequency  standard  and  a  60-day  regres¬ 
sion  to  deduce  frequency,  maintenance  of  change  of  epoch  to  better 
than  3  psec  and  frequency  to  about  one  part  in  1 0 1  -  is  possible.  If 
special  techniques  are  used,  theoretical  computations  indicate  the  pos¬ 
sibility  of  maintaining  epoch  continuously  to  better  than  I  jiscc.1 

INTRODUCTION 

DISCUSSION  OF  TIME 

Time  is  one  of  the  most  tenuous  concepts  employed  by  man  for 
precise  measurements  One  unique  feature  distinguishing  time  from 
other  units  is  the  conceptual  impossibility  of  building  and  maintaining 
a  self-sufficient  permanent  standard  Hence,  while  most  standards  can 
be  manufactured  and  stored  without  subsequent  intercomparisons  of 
the  quantities  represented,  clocks  must  be  periodically  intcrcompared  to 
maintain  precise  time.  Maintenance  of  precise  time  is  as  much  a  problem 
of  techniques  for  time  dissemination  and  adjustment  as  it  is  for  a  prol>- 
lem  of  construction  of  clocks. 

The  concept  of  time  includes  two  major  subdivisions  -  frequency 
and  epoch.  Frequency  refers  to  the  uniformity  or  periodicity  of  the 
time  scale,  epoch  refers  to  the  actual  location  or  timing  of  periodic 


events.  The  concepts  are  developed  more  clearly  in  reference  2,  where 
epoch  is  shown  to  be  equivalent  to  the  phase  of  a  periodic  function 
while  frequency  is  the  derivative  of  phase  measured  in  cycles.  Frequency 
or  frequency  stability  always  can  be  determined  by  periodic  phase 
measurements  or  knowledge  of  phase  stability  and  relevant  autocorrel  i- 
tion  processes  for  the  medium.  Appropriate  relations  arc  derived  in 
reference  2. 

Good  time  scales  are  based  on  regularly  repeatable  phenomena 
which  are  as  periodic  as  practicable.  However,  periodic  implies  that  each 
cycle  of  the  event  is  indistinguishable  from  every  other  cycle.  Hence, 
the  epoch  deduced  from  any  periodic  process  is  necessarily  ambiguous 
by  some  unknown  multiple  of  the  period  of  the  process.  Any  time 
determination  thus  also  implies  some  method  for  epoch  ambiRuit) 
resolution  As  timing  becomes  more  precise,  ambiguity  resolution 
problems  may  become  more  severe,  particularly  if  the  clocks  are  separated. 
For  example,  the  period  of  a  10-hHz  vlf  carrier  transmission  is  lOOjisec. 
Hence,  any  tune  determination  restricted  to  such  a  transmission  would 
have  an  ambiguity  ol  100  n  psec  where  n  is  any  integer.  This  ambiguity 
must  be  resolved  by  some  other  technique,  such  as  comparison  with  a 
second  periodic  process  ot  longer  period  -say,  300  psec  but  which  will 
slitter  m  epoch  from  the  original  10-kHz,  determination  by  less  than 
50  psec.  The  ambiguity  is  thus  resolved  to  an  uncertainty  of  some  inte¬ 
gral  multiple  of  the  longer  period,  e.g.,  300  m  psec  The  process  may  be 
repeated  as  often  as  necessary  to  resolve  the  coarsest  time  scale  required, 
e.g  .  hours,  days,  oi  years.  It  is  noteworthy  that  ambiguity  resolution 
need  not  be  performed  with  every  epoch  determination.  Normally, 
some  method  is  provided  by  which  a  count  ol  the  fine  periods  may  be 
maintained,  thus obsiat mg  the  need  for  ambiguity  resolution  However, 
even  it  epoch  is  resolved  properly  initially,  there  is  some  inherent 
probability  that  ir  ■  -  ,-r  counting  will  occur  and  hence  a  need  for  a 

method  ol  ambiguity  resolution  I  urtllcr.  there  is  an  inherent  proba 
bihty  ot  error  in  resolving  epoch  ambiguity  and  hence  a  need  lor  caretul 
it  occasional,  attention  to  coarse  epoch  Reference  2  discusses  epoch 
ambiguity  resolution  more  thoioughly  and  stresses  that  ambiguity 
resolution  errors  are  l.iilures  in  the  sense  that  a  gross  error  will  occur 
lh.It  IS  the  accuracy  of  the  system  or  technique  is  unaffected  by 
ambiguity  errors  although  the  ichabihty  may  be  crit  cully  dependent  on 
ambiguity  resolution 

Dissemination  of  precise  lime  thus  implies  a  periodic  processor 
processes  and  associated  ability  lor  measurement  One  such  process  is 
the  phase  ol  the  electric  vector  ol  a  cw  radio  signal  If  the  transmissions 
are  properly  controlled  and  it  irequencics  and  propagation  paths  arc 
suitably  chosen,  properly  interpieted  phase  measurements  may  be  lived 
for  precise  Inning  Although  carrier  phase  measurements  will  be 
ambiguous  by  some  integral  multiple  of  the  carrier  period,  the  associated 
uncertainties  may  be  resolved  by  other  methods5  or  by  additional 
transmissions  at  dilfcrcnt  frequencies  4 


OMEGA  FORMAT  DISCUSSION 

Omega  is  a  vlt  navigation  system  scheduled  for  global  implemvn 
tation  in  the  early  l*>70's  The  worldwide  network  will  employ  eight 
fixed  ground  stations  to  provide  continuous  redundant  coverage  any 
where  in  the  world  Each  station  will  develop  the  radiated  epoch  from 
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INTERRELATION  OF  NAVIGATION  AM)  TIMING 


a  bank  of  lour  cesium  frequency  standards  so  that  each  station  may  he 
considered  an  equivalent  source  of  precise  time.  Since  hyperbolic 
navigation  requires  signals  from  a  minimum  of  three  stations,  more 
information  will  be  available  than  required  for  time  dissemination  to  a 
known  fixed  location.  Indeed,  the  four  stations  now  operating  provide 
global  coverage  for  time  dissemination  although  not  for  navigation. 

The  basic  navigational  frequency  of  Omega  is  10.2  kHz.  Trans¬ 
missions  of  approximately  1-second  duration  are  tune-shared  by  each 
station  within  a  10-second  commutation  pattern  Navigation  receivers 
are  equipped  with  a  commutator  which,  when  properly  set  initially,  can 
separate  the  transmissions  from  the  various  stations  Phase  tracking  of 
the  10  2-kllz  transmission  from  each  selected  station  is  performed  with¬ 
in  the  receiver  Typically,  hyperbolic  navigation  is  employed  so  that  the 
phase  tracks  are  paired  and  differenced  in  various  ways  to  read  out 
fractional  cycle  difference.  Lane  counters  accumulate  integral  cycle 
crossings,  or,  alternatively,  cycle  count  can  be  maintained  by  annota¬ 
tion  on  continuously  operating  strip-chart  recorders  After  the  applica¬ 
tion  of  propagation  corrections,  two  or  more  hyperbolic  lines  of  position 
are  plotted  on  specially  prepared  navigation  charts.  Intersection  ol  the 
LOP's  lorms  the  fix.  Normally,  a  fix  may  be  obtained  in  under  2  minutes. 
Since  the  integral  lane  count  is  maintained  rather  than  measured,  a  prob¬ 
lem  of  lane  identification  may  arise  as  a  result  of  receiver  malfunction, 
power  failure,  station  outage,  etc.  Although  lane  resolution  problems 
seldom  occur  and  usually  can  be  resolved  by  other  means  such  as  dead 
reckoning  or  independent  fix.  transmissions  at  two  additional  frequen¬ 
cies  have  been  included  so  as  to  provide  a  method  lor  lane  identification 
Omega  is  described  m  detail  imrefercnee  29. 

Each  station  thus  will  transmit  three  frequencies  on  a  tune- 
shared  basis  every  10  seconds  Die  frequencies  are  10.2.  1 1-1/3.  and 
13  (>  kHz.  any  one  of  which  may  be  used  for  navigation  or  liming  Ol 
the  available  frequencies.  10.2  kHz  has  the  longest  period  and  greatest 
spacing  between  LOP's  and  hence  presents  the  least  ptoblem  from  the 
viewpoint  of  possible  navigational  lane  ambiguity  or  tuning  epoch  ambi¬ 
guity  10  2  kHz  is  also  the  best  calibrated  of  the  Omega  frequencies 
However.  13.0  kHz  will  generally  have  the  best  signal-to-noise  ratio  and 
the  greatest  repeatability. 

In  addition  lo  the  three  frequencies  transmitted  from  each  sta¬ 
tion  primarily  for  navigation,  two  additional  frequencies  are  being  con¬ 
sidered  for  intrasystem  control  transmissions  ol  synchronization  mlorma- 
tion.  These  two  Irequencies  will  be  unique  to  each  station  and  hence 
they  may  be  received  without  commutation  As  presently  envisioned 
these  control  transmissions  will  be  generated  from  (he  same  tuning 
equipment  used  to  develop  the  navigational  frequencies  They  will 
range  from  12  lo  13  kHz  and  each  station  will  be  assigned  two  fre¬ 
quencies  250  Hz  apart,  e  g.,  Trinidad  might  transmit  12  0  and  12  250 
kHz.  Unlike  the  navigational  frequencies,  they  will  not  be  assigned 
specific  segments  but  may  vary  within  a  commutation  cycle  for  trans¬ 
mission  of  synchronization  information  However,  during  each  com¬ 
mutation  cycle,  cadi  transmission  will  occur  on  at  least  one  segment 
and  the  control  frequency  divisible  by  100  Hz  will  occur  on  the  seg¬ 
ment  immediately  tollowing  the  navigational  transmissions.  Possible 
formats  are  shown  in  reference  29,  together  with  a  more  complete 
system  description 

Omega  transmissions  will  be  almost  ideal  sources  of  precise  tune 
Advantages  include 

•  Nearly  continuous  operation  ol  each  station 

•  Eight  stations  located  conveniently  around  the  world 

•  System  synchronization  procedures  so  that  each  station 
will  be  continuously  held  to  agreed  international  lime 

•  Extreme  range  from  each  station,  providing  redundancy 

•  Precise  control  of  transmitted  signals 

•  Stability  of  the  propagation  medium 

.*  Transmissions  of  five  related  frequencies  from  each 
station 

•  Availability  of  propagation  corrections 

I  he  primary  disadvantage  is  that  repeated  measurements  at  various  fre¬ 
quencies  may  be  necessary  to  initially  set  or  to  periodically  verify  the 
coarse  epoch'.  However,  the  necessary  information  is  available  from  the 
transmitted  carrier  frequencies,  the  beat  frequencies,  arid  the  commuta¬ 
tion  pattern 


Using  a  system  such  as  Omega,  navigation  and  tuning  are 
inextricably  interrelated  The  navigation  fixing  problem  using  three  sta¬ 
tions  may  be  viewed  as  the  reduction  of  three  navigation  variates  (signals) 
to  deduce  three  unknowns  latitude,  longitude,  and  time,  In  conven¬ 
tional  navigation  the  time  determination  is  disregarded.  However,  time 
is  necessarily  determined  and.  indeed,  the  time  determination  from  the 
resultant  fix  position  to  any  ol  the  three  stations  must  be  identical  l  or 
example,  the  NI-.LC  synchronized  Omega  monitor  at  Cape  Prince  ol 
Wales.  Alaska,  was  being  syncliiomzcd  by  a  Naval  Observatory  'lly  mg 
clock'  on  272100/  August  1909  The  monitor  position  can  be  deduced 
from  the  actual  Omega  phase  measurements  of  Norway.  Hawaii,  and 
New  York  as. 

i.5°  37.2’N 
I  (.8°  4  7’W 

This  indicates  a  position  error  of  0  6  nautical  mile  at  a  bearing  of  24 
degrees.  The  associated  fractional  cycle  epoch  error  of  the  local  clock  is 
found  lo  be  a  delay  of  0  56  cycle  Simultaneous  observatory  measure¬ 
ment  indicate'1  a  fractional  cycle  clock  delay  of  0  49  cycle,  a  discrepancy 
of  7  psec  Note  that  although  the  velocity  of  light  is  6  psec  per  nautical 
mile,  the  fix  error  was  0.6  mile  while  the  timing  etror  was  7  psec  It  is 
often  erroneously  assumed  that  timing  accuracy  is  directly  proportional 
to  fixing  accuracy,  actually  the  fix  error  can  be  large  while  the  tune 
error  is  zero. 

Distinctions  between  Omega  navigation  and  timing  are  thus  not 
limdancntal  but  only  variations  in  application.  For  example,  if  lime 
were  precisely  known,  then  a  navigation  fix  could  be  used  to  obtain  a 
more, precise  position  estimate  Conversely,  in  the  case  ol  tune  dissemina¬ 
tion  to  a  fixed  location,  the  position  ordinarily  would  be  known  precisely 
and  all  available  signals  could  be  used  to  refine  the  time  estimate  Al¬ 
though  there  is  not  a  fundamental  difference  between  navigation  and 
timing  applications,  there  are  numerous  practical  differences  A  receiver 
suitable  for  navigation  is  not  necessarily  suitable  for  timing  nor.  indeed, 
is  a  receiver  suitable  for  timing  necessarily  suitable  for  navigation. 

Further.  propagation  corrections  and  accuracy  estimates  for  navigation 
ate  not  necessarily  applicable  lor  tune  dissemination  or  lor  estimating 
the  accuracy  of  disseminated  nine  It  makes  no  better  sense  to  attempt 
to  estimate  practical  timing  accuracy  from  practical  navigational  ac¬ 
curacy  than  it  does  to  attempt  lo  estimate  probable  uncertainties  m 
longitude  knowing  probable  uncertainty  in  latitude  but  not  the  pre¬ 
vailing  physics  or  geometry  However,  valid  estimates  of  liming  capa 
lulity  can  be  made  from  proper  application  of  knowledge  of  navigational 
signal  predictability,  stability,  and  correlation. 

ACCURACY  OF  TIME  DETERMINATION  TECHNIQUES 
PULSE  TECHNIQUES 

Pulse  (iiiung  techniques  have  been  used  lor  many  years  I  lies 
have  significant  advantages  over  phase  techniques  employ  mg  multiple 
liequencics  since  there  is  no  ambiguity  problem  except  that  associated 
with  Tie  repetition  rate,  which  may  be  controlled  by  the  system  designer 
Pulse  techniques  lack  precision  compared  with  phase  comparison  accura¬ 
cies  Further,  pulse  techniques  require  relatively  good  signal-to-noisc 
ratios 

llecuusc  Omega  transmitting  antennas  systems  have  high  Q  and 
narrow  bandwidth  on  the  order  of  i0  Hz,  the  envelope  ol  the  transmit¬ 
ted  wave  form  will  approximate  •  rising  exponential  of  the  lorm  ell  l  - 
I-  t!  -exp  kt)  The  exact  shape  will  be  different  owing  to  othc  i 
time  constants  in  (he  transmitter.*  A  typical  rise  is  shown  in  figure  I 

The  rise  is  exceptionally  slow  compared  lo  most  pulse  transmis¬ 
sions 


•Palmer  uses  a  more  general  form  slating  that  the  rise  is  along  an  exponential .  mve 
■mine  orless'ofilief»rme(i>  =  Enm(l  -  kt)N  deference  5) 
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TABLE  I.  RESULTS  OF  LEAD-EDGE  EXPERIMENTS. 


Figure  1.  Haiku  leading  edge  as  receded  ai  NFLC 


Lead-Edge 

Date/Time 

Nov  1967 

Intercept  Cycles 
of  10  2  kHz  With 
Respect  to  Reference 
Pulse 

Uncertainty 
Coefficient 
q.  Cycles 

Signal 
Width,  cm 

03I900Z 

-12.87 

2.57 

0.43 

Q622'-'S 

-15.70 

0.65 

0.12 

unmarked 

-16.03 

0.80 

0  12 

032245 

-16.75 

0.47 

0.20 

022330 

-16.94 

0.58 

0.21 

131925 

-17.97 

1.43 

0.22 

211900 

-15.59 

0.72 

0.20 

A  pulse  mlierenlly  will  be  distorted  by  (dispersive  etfects)  of  the 
propagation  medium  through  which  it  is  transmitted.  I  he  resulting  shape 
at  a  remote  receiver  is  in  general  complex  (a  good  discussion  is  given  m 
Stratton,  ref.  6).  Usually,  it  is  necessary  to  define  the  point  on  the  lead 
edge  at  which  measurements  are  to  be  performed  and  to  specify  how  the 
measurements  are  to  he  interpreted  before  the  propagation  delay  can  be 
specified.  Although  little  theoretical  or  experimental  work  has  been 
done  on  the  absolute  predictability  ol  the  Omega  lead  edge,  speculations 
are  that  the  prediction  problem  will  not  be  severe,  owing  to  the  limited 
frequency  components  present  in  the  transmitted  signal  Further,  the 
timing  capability  is  not  intended  as  a  precise  method  and  hence  relatively 
crude  pred-ctions  can  be  employed.  If  the  portion  ol  the  lead  edge  ac¬ 
tually  measured  can  be  considered  to  have  an  effective  velocity  between 
the  group  velocity  and  the  velocity  of  light,  then  the  total  range  in  the 
prediction  uncertainty  would  be  only  about  100  psec  over  typical  paths 
No  unusual  instrumentation  problems  should  be  encountered  in 
making  absolute  time  measurements  with  the  lead  edge.  The  most  se¬ 
vere  problem  is  the  poor  signal-Io-noise  ratio,  which  can  be  overcome  by 
photographic  integration  Delays  may  be  expected  ill  the  antenna 
coupler  and  receiver  but  these  can  be  determined  from  analysis  ol  the 
circuits  employed  and  should  remain  stable  to  the  accuracy  required 
Alternatively,  a  simple  circuit  can  be  constructed  to  simulate  the  Omega 
pulse  and  the  receiving  system  can  be  calibrated  directly 

Vlf  pulse  tuning  lias  been  investigated  most  recently  by  Del’rms1 
wl  a  found  a  precision  on  the  order  of  100  psec  for  a  500-km  path  to 
GBR  and  a  200-psec  precision  on  a  3000-km  path  to  NBA  Similar  ex¬ 
periments  at  NHI.C  have  corroborated  tins  increase  in  precision  when  the 
lower  portion  ol  the  exponential  rise  is  observable  1  lie  experiment  was 
restricted  to  measurements  ol  the  10.2-kllz  signal  from  Haiku  as  received 
at  NHI.C  I  he  experimental  arrangement  included  a  receiver  to  obtain  an 
unlimited  rf  within  a  relatively  broad  bandwidth  ot  approximately  100 11/ 
I  his  bandwidth  was  that  ol  the  available  receiver  and  will  have  some  ef¬ 
fect  on  the  observed  rise  times  l-.ight-mniulc  photographic  integration 
was  used  on  a  noinial  oscilloscope  display  m  which  triggering  was  accom¬ 
plished  from  a  precision  clock  driven  by  a  cesium  frequency  standard  A 
reference  pulse  was  superimposed  High  gam  was  used  so  (hat  only  the 
start  of  the  10  2-kllz  pulse  was  observed  It  was  then  assumed  that  the 
voltage-tune  relationship  was  linear  lor  the  lust  2  to  .1  msec  and  a  linear 
regression  analysis  was  conducted  to  estimate  the  starting  time  t  Die 
analysis  treated  time  as  the  dependent  variable  so  that  statistical  expres¬ 
sions  tor  the  uncertainty  ol  (he  ordinate  intercept  could  be  used  )  Seven 
lead-edges  were  analy  ml  I  lie  results  are  summarized  in  table  I 

I  wo  columns  are  ot  special  interest  I  ho  'Intercept'  column 
indicates  the  actual  value  ot  the  tune  determination  Ironi  each  photo¬ 
graph  as  compared  with  a  superimposed  relerence  pulse  trom  a  General 
Radio  dock  ( I  unit  equals  9b  pscc  I  I  he  second  column  ol  special 
interest  is  the  l  incrlumly  (  octticicnt  q  Iv.li  timing  estimate  niclud 
ing  Us  associated  confidence  limits  IS  civ,  n  In  the  intercept  *  qi  where  t 


is  the  value  of  the  t  distribution  for  approximately  12  degrees  of 
freedom  and  confidence  limits  desired  Approximately  70  percent 
of  the  intercept  should  be  within  iq  while  95  percent  should  be  with¬ 
in  ±2q.  Thus,  the  median  value  of  q  (approximately  7 1  p sec)  should 
approximate  the  standard  deviation  of  the  intercept  values  (approxi¬ 
mately  157  psec).  The  disagreement  can  be  explained  by  the  'width'  of 
the  trace  used  in  the  first  determination  The  record  apparently  was 
overexposed  ,.o  that  the  indicated  value  was  shifted  slightly  Disregarding 
the  first  determination  yields  a  median  value  of  q  of  about  67  pscc  while 
the  standard  deviation  of  the  intercept  is  reduced  to  90  psec  Although 
the  agreement  is  sufficiently  close  considering  the  various  uncertainties, 
it  is  interesting  to  speculate  on  the  improvement  which  might  be  possible 
using  better  instrumentation  The  uncertainty  coefficient  reflects  pri¬ 
marily  variations  on  the  photographs  and  scaling  errors  and  linearization 
m  the  analysis  'q'  is  thus  most  sensitive  to  experimental  technique  while 
the  standard  deviation  of  the  various  intercepts  must  include  not  only 
experimental  errors  but  also  daily  variations  in  propagation,  If  this  inter¬ 
pretation  is  correct,  then  the  primary  errors  in  the  determinations  must 
be  experimental  rather  than  propagational. 

One  trailing  edge  was  also  investigated  Trailing  edge  measure¬ 
ments  nominally  offer  the  advantage  of  better  signal-to-noise  ratio  How¬ 
ever,  sealing  difficulties  were  a  substantial  source  of  error  and  the  very 
low  slope  possible  on  the  scope  display  led  lo  an  intercept  uncertainty  of 
1 50  psec  More  elaborate  instrumental  techniques  should  lead  lo  sub¬ 
stantial  improvement  in  accuracy 

The  Omega  pulses  thus  offer  a  means  of  timing  to  a  precision  of 
about  100  psec,  using  only  crude  instrumental  techniques.  It  seems 
likely  that  improved  instrumentation  and  analysis  will  yield  higher  pre¬ 
cision 

PHASE  TECHNIQUHS 

The  accuracy  of  epoch  estimates  determined  from  carrier  phase 
measurements  depends  upon  the  accuracy  of  the  predictions  for  the 
nominal  long-term  average  phase  expected  as  well  as  the  temporal  sta¬ 
bility  of  the  medium  The  errors  may  be  described  as  a  bias  and  a  stan¬ 
dard  deviation  which  combine  to  yield  a  typical  rms  tuning  uncertainty 
However,  the  rms  timing  uncertainty  is  recognized  to  have  two  separate 
components  Hie  bias  error  will  not  contribute  to  errors  in  determining 
frequency  and  hence  only  the  standard  deviation  isot  importance 
I  poch  errors,  however,  will  directly  reflect  biases  m  prediction,  epoch 
confidence  cannot  be  improved  beyond  limitations  imposed  by  predic¬ 
tion  bias 

Since  modern  Omega  operation  began  hi  !’<<>(>.  over  I  million 
hours  ol  phase  measurements  directly  applicable  to  estimating  the  tuning 
accuracy  ot  Omega  have  been  obtained  1  he  data  h  ive  been  acquired 
primarily  at  monitoring  sites  associated  with  each  transmitter  I  he  mom 
tors  continuously  record  the  pilaw  difference  between  signals  received 
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from  various  remote  Omega  transmitters  and  the  local  transmitter  Since 
the  propagation  from  the  local  transmitter  to  the  associated  monitoring 
site  is  predictable,5  the  local  transmitter  signal  can  be  viewed  as  stable 
synchronized  injection  to  the  monitor  receiver  Hence,  Omega  trans¬ 
mitting  station  monitors  may  be  viewed  as  timing  receivers  Additional 
data  have  been  acquired  from  propagation  experiments  at  Wales,  Alaska, 
where  a  receiver  using  specially  designed  injection  calibration  from  a 
cesium  standard  was  operated  for  over  1  year. 25  The  true  epoch  of  the 
local  reference  was  related  to  the  Omega  system  epoch  by  repeated  ‘flying 
clock*  calibration. 


Similar  data  occasionally  have  been  recorded  at  NELC  m  San 
Diego  when  the  flying  clock  data  have  been  available  to  relate  the  local 
epoch  lo  that  of  the  Omega  system.  Other  direct  comparisons  are  avail¬ 
able  as  a  result  of  flying  clocks  between  the  U.S.  Naval  Observatory  and 
vanotis  Omega  stations.9 

Figures  2A  and  2D  exemplify  a  typical  comparison  between  a 
long-path  phase  measurement  and  prediction.  Observed  phase  differences 
normally  are  made  hourly  with  time  constants  appropriate  for  navigation. 
Hie  data  are  flagged  to  indicate  measurements  possibly  affected  by 


08SERVE0  PHASE 

DIFFERENCE 

(CENriCYCi.es> 

10.2 

cnr 

13 

KHZ 

wales* 

ALASKA 

*c 

- 

MAY 

69 

DATE 

i 

2 

3 

4 

5 

6 

7 

8 

9 

10 

It 

12 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

N 

N 

N 

N 

N 

0 

0 

0 

0 

N 

AV 

SO 

• 

MAY 

69 

67 

63 

60 

57 

56 

55 

55 

0 

0.0 

o.o 

9 

HAY 

69 

55 

57 

61 

68 

75 

88 

96 

02 

10 

11 

13 

13 

12 

56 

55 

52 

53 

5 

11.8 

1.2 

10 

hay 

69 

55 

57 

61 

67 

74 

89 

01 

04 

09 

09 

10 

15 

1 1 

08 

94 

68 

67 

63 

60 

58 

55 

54 

54 

53 

5 

10.8 

2.2 

11 

HAY 

69 

55 

58 

62 

65 

72 

86 

00 

10 

09 

09 

1 1 

17 

14 

11 

93 

66 

68 

65 

60 

57 

55 

54 

54 

54 

5 

13.2 

3.6 

12 

HAY 

69 

55 

54 

59 

64 

70 

86 

96 

07 

10 

12 

13 

1  l 

09 

03 

87 

65 

66 

63 

60 

57 

54 

5) 

52 

5 

11.0 

1.4 

IJ 

HAY 

69 

53 

55 

57 

61 

69 

78 

92 

97 

05 

09 

10 

to 

08 

98 

07 

57 

P60 

P57 

P55 

P55 

P54 

P53 

P52 

P52 

5 

8.6 

1.5 

15 

HAY 

69 

P53 

PS4 

P57 

P61 

P68 

P80 

P90 

P96 

P99 

P04 

PI  1 

Pit 

PIO 

P04 

POO 

P68 

P65 

P62 

P59 

P56 

P53 

P52 

P52 

P51 

0 

0.0 

0.0 

15 

HAY 

69 

P51 

P55 

P59 

P63 

P71 

P86 

P92 

P92 

P04 

07 

06 

02 

02 

97 

88 

61 

61 

56 

53 

52 

49 

49 

46 

51 

4 

4.2 

2.3 

16 

HAY 

69 

52 

54 

57 

61 

S68 

S82 

88 

97 

02 

03 

05 

06 

05 

58 

52 

53 

50 

51 

53 

5 

4.2 

1.5 

17 

HAY 

69 

52 

54 

56 

59 

66 

82 

91 

97 

05 

10 

14 

12 

11 

06 

85 

63 

63 

59 

55 

S43 

$51 

52 

52 

52 

5 

10.4 

3.0 

16 

HAY 

69 

53 

46 

$45 

55 

64 

79 

88 

94 

03 

07 

11 

08 

04 

94 

S82 

S62 

S6  3 

S53 

$56 

51 

S51 

$50 

53 

53 

5 

6.6 

2.9 

19 

MAY 

69 

52 

55 

58 

63 

67 

77 

91 

96 

01 

04 

08 

07 

06 

01 

$82 

60 

59 

58 

55 

51 

47 

47 

50 

$51 

5 

5.2 

2.5 

20 

HAY 

69 

555 

50 

51 

53 

59 

73 

84 

94 

01 

03 

03 

03 

03 

90 

82 

66 

S65 

60 

59 

$48 

53 

S3 

$49 

50 

5 

2.6 

0.8 

21 

MAY 

69 

50 

48 

56 

56 

63 

77 

86 

90 

00 

05 

07 

06 

01 

94 

82 

61 

$62 

59 

55 

52 

49 

47 

46 

47 

5 

3.8 

2.8 

22 

HAY 

69 

58 

47 

53 

58 

57 

72 

87 

94 

01 

09 

11 

10 

07 

98 

84 

58 

62 

60 

$58 

$39 

49 

50 

50 

51 

5 

7.6 

3.6 

23 

HAY 

69 

53 

54 

57 

61 

66 

76 

92 

01 

06 

13 

15 

13 

09 

99 

79 

63 

63 

59 

56 

54 

53 

53 

52 

51 

5 

n.2 

3.2 

25 

KAY 

69 

53 

56 

59 

63 

69 

S81 

89 

97 

03 

07 

S07 

08 

08 

01 

84 

65 

66 

62 

53 

55 

53 

53 

52 

54 

5 

6.5 

1.9 

25 

KAY 

69 

52 

52 

55 

58 

63 

76 

87 

93 

01 

03 

09 

12 

09 

03 

84 

62 

S61 

S57 

54 

52 

$41 

47 

47 

49 

5 

6.8 

4.1 

26 

MAY 

69 

50 

49 

54 

58 

64 

74 

07 

91 

01 

06 

ll 

11 

09 

00 

83 

64 

66 

63 

57 

56 

54 

53 

51 

52 

5 

7.6 

3.8 

27 

HAY 

69 

S55 

53 

57 

62 

67 

77 

89 

98 

05 

07 

08 

15 

14 

04 

66 

62 

64 

62 

60 

58 

56 

55 

54 

55 

5 

9.8 

4.0 

28 

MAY 

69 

56 

58 

61 

64 

69 

61 

96 

04 

08 

09 

09 

09 

$09 

99 

$83 

65 

63 

6 1 

59 

58 

54 

48 

53 

51 

5 

8.7 

0.4 

29 

HAY 

69 

57 

55 

58 

63 

61 

77 

89 

02 

09 

12 

15 

l  1 

09 

03 

S86 

68 

68 

63 

62 

$36 

52 

51 

53 

53 

5 

11.2 

2.2 

30 

HAY 

69 

51 

53 

56 

60 

67 

77 

85 

90 

09 

12 

13 

12 

07 

99 

04 

64 

64 

60 

59 

55 

54 

52 

53 

52 

5 

10.6 

2.2 

31 

HAY 

69 

55 

56 

58 

62 

70 

78 

93 

01 

06 

09 

It 

14 

13 

05 

86 

64 

66 

62 

59 

S39 

52 

$34 

46 

53 

5 

10.6 

2.9 

1 

2 

3 

4 

5 

6 

7 

6 

9 

10 

n 

enr 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

N 

N 

N 

N 

h 

0 

0 

0 

0 

19 

21 

20 

21 

20 

19 

21 

21 

21 

22 

21 

22 

n 

20 

16 

19 

15 

18 

19  16 

18 

20 

21 

21 

52.5  53.5 

57. 

3  61 

•  0  66.6 

79.1 

90. 

8  90 

.4 

5.0 

8.0 

10. 

4  10.2 

8.1 

1.0 

85. 

9  63.3  64.4 

61.2 

58. 

0  54 

.9  52.8 

51.6 

51.3 

52.1 

3.2 

3. A 

3. 

7  3 

.7 

4.5 

4.6 

4. 

6  5 

•  1 

3.4 

3.0 

3. 

4 

3.7 

3.5 

4.3 

4. 

2 

2.« 

2-V 

3.1 

2. 

c  6 

.7 

3.6 

4.5 

2.7 

1.8 

3 

0 

-2 

_ 

5 

-e 

-24 

-45 

-5A  - 

54 

-54 

-54 

SMC 

54  - 

54 

-54 

-48 

_ 

10 

-r 

-4 

-t 

1 

3 

4 

4 

3 

3 

l 

-2 

~ 

4 

-7 

-18 

-39 

-51  - 

■54 

-54 

-54 

— 

54  - 

54 

-4  7 

-23 

-e 

-5 

-2 

0 

2 

4 

5 

5 

4 

S.2 

5.6 

5. 

4  4 

.0 

4*3 

3.6 

6. 

9  12 

.i 

8.4 

5.6 

4. 

2 

RMS 

4.5 

5.7 

7.2 

7* 

7 

A. 8 

2.2 

2.0 

2. 

6  8 

.V 

4.4 

5.4 

3.7 

3.3 

Figmo  ’A 


OOSCRVCO  PHASE  OIFFCRENCE  ICVCLES)  10.2  Klli  WAIFS.  AlASISA  «C-  MAY  69 

xev!AvCRACEt»t .  rRfoicrcoi*),  bothi»i 

169.750  * - - - - 


♦  »  ♦  ♦  * 

*  •  v  «  * 


I  *  ♦  ♦ 
♦  ♦  *  « 
168.500  •  * 

I 


Figure  211 


162 


SID's  (S)  and  PCA’s  (P).  The  last  eight  rows  (under  GMT,  SWC,  and 
RMS)  are,  respectively,. Greenwich  mean  time  (i  =  0100Z,  etc.);  flags 
indicating  day  or  night  periods  (i.e.,  when  the  propagation  path  is  com¬ 
pletely  sunlit  or  dark);  number  of  observations  (less  SID’s  and  PCA’s); 
averages  (less  SID’s  and  PCA’s);  standard  deviation  (including  SID's  but 
excluding  PCA’s);  two  semimonthly  sky  wave  corrections;  and  the  rms 
value  of  the  observed  phase  error  with  respect  to  prediction.  Statistics 
are  summarized  in  table  2,  which  contains  a  representative  sampling  of 
the  quality  of  data  to  be  expected,  and  indicates  a  sample  standard  devi¬ 
ation  of  about  3.8  Msec  over  24  hours. 

Short  paths  also  may  be  used  for  timing  under  certain  conditions. 
Prediction  is  extraordinarily  difficult  at  short  ranges  where  various  propa¬ 
gation  modes  may  be  interfering.  At  certain  distances,  however,  the  re¬ 
sultant  phase  may  be  stable.  If  the  nominal  phase  value  can  be  determined 
cither  by  direct  calibration  or  by  deduction  using  other  piopagation 
paths,  the  path  can  then  be  used  for  epoch  measurement.  An  example 
is  the  observation  of  Omega  New  York  at  the  U.S.  Naval  Observatory. 
Although  the  recorded  value  is  about  40  pscc  from  anticipated,  the  meas¬ 
urement  is  stable.10- " 


FREQUENCY  ESTIMATION  TECHNIQUES 

As  described  previously,  frequency  estimates  are  best  obtained 
by  making  a  regression  of  phase  on  time  using  periodic  measurements  of 
estimated  epoci.  error.  Usually,  long-term  estimates  are  desiied,  in  which 
case  the  time  interval  over  which  the  regression  is  conducted  is  long  with 
respect  to  the  inherent  autocorrelation  period  of  the  medium.  In  any 
case,  the  frequency  is  obtained  from 

n  n 

njtf.-fio.+  u  Jdj  (1) 

f  Tn(n2-1) 

where  =  phase  estimate  at  the  i**1  interval  in  cycles 

T  =  period  between  measurements  in  seconds 

n  =  number  of  phase  measurements 

as  previously  given  and  derived  in  reference  2.  If  the  epoch  estimates 
are  made  sufficiently  far  apart  that  they  are  uncorrclated,  then  the 
accuracy  of  the  frequency  estimate  obtained  from  equation  ( 1 )  is  derived 
in  reference  2  as 


°r_  yiT 
f  yW  - 


(2) 


when  o.  is  the  standard  deviation  of  epoch  measurements  in  seconds 


TABLE  2.  SUMMARY  Of  MEASUREMENTS. 
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If  the  phase  measurements  are  accurate  to  I  jisec.  an  accuracy  of 
one  part  in  tO1  U'an  be  obtained  after  2  days  while  a  precision  of  I  O'1 - 
is  obtained  after  about  10  days  and  I  O’ '3  is  obtained  in  2  months  A 
plot  of  the  anticipated  precision  in  frequency  as  a  function  of  the  obser¬ 
vation  period  is  given  in  reference  2  (fig.  2). 

Equation  (2)  applies  only  when  the  variations  in  the  epoch  esti¬ 
mates  are  not  aulocorrelatcd  For  example,  seasonal  changes  in  propaga¬ 
tion  at  .0  2  kHz.  if  not  corrected  with  appropriate  propagation  predict¬ 
ions.  can  yield  an  apparent  frequency  error  of  2  X  I0‘* -.  Obviously  any 
seasonal  phase  changes  not  removed  properly  by  predictions  will  be  correlated 
over  long  periods  and  will  introduce  frequency  error  Similarly  if  the 
observations  times  were  chosen  improperly  and  significant  diurnal 
changes  were  occurring,  large  frequency  errors  could  be  introduced. 

Phase  stability  quoted  in  the  previous  section.  3.8  pscc,  may  be 
used  with  equation  (2)  to  calculate  the  accuracy  of  frequency  estimates 
derived  from  a  single  daily  Omega  epoch  measurement  where  the  observa 
tion  time  has  been  selected  at  random.  Table  3  gives  results  for  relevant 
frequency  stabilities. 


TABLE  3.  ACCURACY  OF  FREQUENCY  ESTIMATED  FROM 
REPEATED  OMEGA  EPOCH  MEASUREMENTS 
(RANDOM  OBSERVATION  TIME). 


Frequency  Stability 

Observation  Duration,  days  spanned 

I011 

6 

io-i- 

26 

io-'-< 

133 

Were  the  observation  time  favorably  chosen,  techniques  employed  to 
eliminate  anomalous  data  or  to  introduce  redundancy  would  improve  the 
anticipated  irequency  stability  Note  that  lived  prediction  or  instrumenta¬ 
tion  errors  do  not  introduce  errors  in  frequency 

Direct  comparisons  bctw.sii  irequency  measurements  by  flying 
clock  and  Irequency  estimates  obtained  from  long  v  It  paths  have  also 
been  made  by  Kugel  using  the  specialised  case  of  the  Omega  intcrstation 
paths.  ’  Since  measurements  are  made  at  both  ends  ol  these  ‘reciprocal' 
paths,  calibration  ol  reciprocal  propagation  phenomena  is  possible  Thus, 
the  epoch  errors  are  of  higher  quality  than  normnllv  would  be  expected 
Discrepancies  between  frequency  estimates  using  a  on-day  regression  and 
short-term  (2-3  day)  measurements  by  flying  clock  were  less  than  one 
part  in  to'-  The  discrepancies  are  believed  due  pi  inianly  to  uncertainties 
in  the  short-term  measurements  and  experimental  complications  rather 
than  the  radio  determination 

Although  ol  little  interest  at  a  liming  site  m  continuous  operation, 
techniques  also  an.  available  to  make  short-term  Irequency  estimates  such 
as  might  be  needed  m  an  emergency  resulting  Irom  gross  malluiiclions  In 
this  case,  measurements  are  made  over  a  duration  short  with  respect  to 
the  autocorrelation  period  ol  the  propagation  medium  As  shown  in 
reference  2,  we  might  expect  to  be  able  to  obtain  Irequency  estimates 
accurate  to  about  one  part  in  10**  in  1 5  to  20  minutes  using  a  propagation 
path  stable  to  I  psec  Wright  made  direct  measurements  using  Omega 
signals  received  in  Austin.  Texas,  to  deduce  the  accuracy  of  short-term 
velocity  estimates 12  Although  Wright's  interest  was  hi  deducing  tile- 
velocity  and  he  made  no  mention  ol  the  accuracy  m  Irequency  cstimu 
lion,  the  two  arc  equivalent,  since 

v  (A»)X  (3) 

t 

where  is  phase  change  in  cycles 


X  is  wavelength 

and  t  is  time  separation  between  observations 

Since  Wright  obtained  0  2  knot  during  the  day  and  0  5  knot  at  night  tor 
a  IS-minule  observation  span,  the  observed  phase  changes  must  have 
been  0  35  and  0  9  centicycle,  i  e  .  0  3  and  0  7  psec.  respectively  Tile- 
corresponding  frequency  estimates  are  thus  accurate  to  about  5  X  10 
Direct  measurements  thus  show  a  better  capability  lor  short-term  fre¬ 
quency  measurement  than  indicated  in  reference  2 
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AMBIGUITY  RESOLUTION  PROBABILITIES 


Ambiguity  or  epoch  resolution  does  not  have  intrinsic  accuracy 
characteristic-shut  instead  must  hi-  considered  on  a  probability  basis  I  lie- 
relevant  quantity  is  the  probability  that  a  certain  epoch  (3.4.  I  133  kll/ 
etc.)  can  be  correctly  identified  within  another  larger  but  possibly  ambigu¬ 
ous  epoch  interval.  For  example,  a  user  with  only  the  three  simple  carrier 
signals  wouid  need  some  additional  mlormntion  in  order  to  resolve  the 
ambiguity  of  the  1.133  epoch  Because  such  information  from  other 
Omega  frequencies,  pulse  techniques,  satellite  updates,  etc  .  most  likely 
will  be  available.  this  section  will  concentrate  on  the  resolution  proba¬ 
bility  for  the  3.4  kHz. 

Such  resolution,  of  course,  will  depend  directly  on  the  ability  to 
predict  the  carrier  phase  delays.it  the  various  monitor  sites  Assuming 
that  prediction  capability  is  constantly  improving  and  thal  results  Irom 
past  operation  will  be  applicable  to  the  future,  we  may  consider  some 
statistical  studies  undertaken  to  investigate  l.u.c  resolution  probabilities 
These  studies  are  summarized  in  references  Id,  14.  and  15.  which  present 
results  based  on  thousands  ol  hours  of  phase  data  taken  at  Omega  fre¬ 
quencies  at  several  sites  around  the  globe.  Although  the  reader  may  con¬ 
sult  the  references  to  assess  the  significance  of  the  statistics  to  the  data 
under  consideration,  the  overall  impression  is  that  lane  resolution  is 
possible  under  all  but  a  few  types  of  serious  propagation  conditions, 
notably.  I’CA  and  SID  onsets  and  large  diurn/l  transitions  I  lie  ability  io 
maintain  the  difference  frequency  epoch  under  disturbed  conditions 
depends  not  only  upon  the  behavior  of  the  ionosphere,  but  also  upon  dis¬ 
ability  ol  different  receiver  channels  to  respond  similarly  and  of  recorded 
tracks  to  indicate  the  same  tune  on  all  frequencies  Some  ol  the  lane  re¬ 
solution  failures  lotincl  in  the  ulorcmcntioncd  studies  possibly  resulted 
Irom  data  being  taken  on  diticrcnt  receivers  and  recorders,  which  may 
cause  serious  problems  during  rapid  phase  changes  or  high  noise  conditions 
Experience  has  shown  that  Omega  receivers  exhibit  a  wide  range  ol 
dynamic  response  depending  upon  integration  tune  constants  uid  sensi¬ 
tivity  ,fc-”  Such  variations  may  produce  significantly  diiferent 
behavior  during  large  I’C A  onsets  which  have  been  known  to  exceed 
I  cycle  ot  carrier  phase  in  a  tew  minutes  I  lie  user  likel  will  be  awau 
ol  disturbances  as  they  occur  and  will  not  worry  about  apparent  lam 
lossal  those  times  However  without  sonic  additional  warning  service 
to  corroborate  the  existence  ol  a  disturbance,  the  sight  ol  all  carrier 
place  tra.ks  moving  downscale  simultaneously  might  lead  the  user  to 
■  aspect  his  equipment,  and  some  additional  checks  could  K  made  ill 
the  monitor  is  on  the  sunlit  side  of  the  earth,  all  paths  arc  partially  winlil 
and  would  react  to  a  disturbance  I  lie  difference  hi  the  read  ions  distin¬ 
guishes  dock  failure  from  an  SID.  as  wine  paths  will  be  atfc-cled  more 
than  others 

If  possible  epoch  loss  during  disturbances  can  be  avoided,  or  at 
least  rccongi/cd.  there  still  remains  the  problem  ol  prediction  eirurs 
during  undisturbed  times  I  vidcntly,  if  the  10  2  kll/  carrier  phase  can¬ 
not  be  predicted  to  within  50  eCc,  the  correct  10  2  lam  cannot  be  esta¬ 
blished  However,  such  data  would  not  be  of  use  lor  line  epoch  estima¬ 
tion  but  could  still  be  used  to  resolve  the  1  4  epoch  provided  the  13  (>• 
kll/  phase  has  a  similarly  gross  prediction  error  (also  ol  the  same  signl 
Long  path  measurements  between  the  Omega  stations  indicate  that  the 
direction,  if  not  the  magnitude  of  prediction  error  bias  tends  to  be 
similar  on  all  frequencies.  Possible  exceptions  are  polrr  paths,  which  only 
recently  have  received  the  attention  they  warrant. and  equatorial 
propagation  in  general ,<UI 

Note  that  there  are  two  separate  and  distinct  need*  lor  epoch 
rewlution  at  a  tuning  site  -  initialization  and  verification.  When  first 
established,  the  timing  site  must  determine  crude  epoch  For  example, 
the  initial  epoch  determination  ol  the  3.4-klfz  ( 294  psec)  period  Irom 
10  2-  and  13  6-kllz  measurements  must  rely  on  propagation  predictions 
However,  the  initial  measurements  can  be  made  over  several  propag  ition 
paths  during  stable  periods  so  as  to  mmuni/c  the  effects  ol  prediction 
errors  Since  the  probability  of  an  epoch  c-Tor  in  a  daytime  measure¬ 
ment  over  a  single  path  is  less  than  IO‘-\  the  probability  ol  obtaining  tile- 
same  epoch  error  over  several  paths  under  stable  conditions  should  lw 
vanishingly  small.  Once  the  epoch  has  been  set  initially,  continuous 
measurements  can  lie  made  and  any  residual  prediction  differences  noted 
Therefore,  subsequent  epoch  verifications  need  nut  be  degraded  In  dil 
lercntial  prediction  errors  between  the  various  trequcncics  In  es.cn, c 
a  24-hour  capability  for  epoch  verification  or  reestablishment  is  obtained 
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The  probability  of  on  epoch  resolution  error  c  in  be  reduced 
almost  to  an  arbitrarily  small  value.  The  technique  of  'selective  resolution' 
demands  that  a  ‘good’  epoch  match  be  obtained  from  the  two  m.-aure 
ntents  being  employed  to  resolve  epoch  For  example,  if  a  10.2-kHz 
carrier  phase  of  0  ccc  is  indicated,  we  should  like  the  3.4-kllz  beat  to 
measure  0, 33,  or  67  cec  exactly.  If  the  actual  measurement  is  1 6  ccc, 
then  the  best  estimate  would  be  that  the  epoch  was  in  the  first  period  of 
the  10.2  kHz,  but  the  estimate  would  be  nearly  a  guess,  since  a 
difference  measurement  of  1 7  ccc  would  have  yielded  the  second 
10.2-kHz  period  as  the  best  estimate.  By  demanding  close  epoch  agree¬ 
ment,  we  reduce  the  probability  of  epoch  resolution,  since  no  choice 
will  be  forced  under  marginal  conditions.  However,  the  probability  of 
incorrect  epoch  resolution  is  vastly  reduced  During  the  day,  it  is  pos¬ 
sible  to  reduce  the  probability  of  correct  I0.2-to-l3.6-kllz  resolution 
from  0.999  to  0.998  while  reducing  the  probability  of  incorrect  identi¬ 
fication  from  I0‘3  to  10*5.  If  even  closer  agreement  is  required,  the 
probability  of  error  can  be  further  reduced. 

Since  the  epoch  resolution  capability  is  due  primarily  to  the  high 
correlation  of  phase  fluctuations  at  different  frequencies  over  the  same 
propagation  paths,  attempting  an  epoch  resolution  using  measurements 
on  different  frequencies  over  different  paths  will  generally  result  in  an 
excessive  number  of  failures.  Howevci,  if  the  phase  measurements  nor 
mally  made  to  adjust  fine  epoch  are  taken  during  favorable  periods  and 
if  residual  prediction  errors  arc  removed,  the  accuracy  and  correlation  of 
the  measurements  over  two  separate  paths  might  be  adequate  for  con¬ 
tinuing  epoch  verification  If  the  coarse  epoch  is  indicated  as  question¬ 
able.  then  epoch  resolution  measurements  over  common  paths  can  be 
made.  Otherwise,  the  epoch  would  be  verified  by  the  usual  adjustment 
measurements  I  Ins  procedure  reduces  the  number  of  measurements 
required  while  still  yielding  a  significant  number  of  relatively  indepen¬ 
dent  observations  Of  course,  personnel  making  the  calculations  must 
recognize  the  possible  implications  of  large  disagreements  in  epoch  esti¬ 
mate. 

ADJUSTMENT  1‘KOCEDUUE 

Maintenance  ol  proper  time  requires  procedures  by  which  the 
epoch  ol  the  local  clock  can  be  adjusted  to  synchronism  with  external 
reference  inlorm.it n  u  As  previously  described  Hie  receiving  equipment 
trout  which  the  epoch  estimate  is  derived  will  include  mantciina  coup¬ 
ler  (it  required),  phase  tracking  receiver  and  suitable  calibration  mice  non 
or  relerence  generation  equipment  Inputs  to  (Ik  receiving  complex  thus 
include  a  tune  relerence  from  llic  local  clock  and  (lie  radio  signals  I  lie 
output  will  be  phase  comparisons  which  are  processed  to  obtain  estimates 
of  tht  error  m  the  local  epoch  I  lie  dock  is  independent  of  the  receiving 
complex  and  may  be  illustrated  schematically  as  til  figure  3  An  adjust¬ 
ment  procedure  is  ihusa  sequence  ol  operations  limn  which  periodic 
Changes  in  the  phase  duller  position  are  derived  such  that  the  clock  out¬ 
put  is  nearly  correct  as  ollen  as  practicable 
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Figure  3  Schematic  diagram  of  clock 

r lining  synchronization  has  been  and  still  is  being  studied  cxlcii 
sued)  in  its  application  to  the  Oiingu  system,1' 11  which  representvan 
attempt  to  maintain  several  remote  docks  in  agreement  with  each  other 
and  also  with  all  external  reference  m  the  most  convenient  and  optimum 
mannet  The  formulations  presented  here  are  some  ol  the  results  ot  these 
studies  which  are  applicable  to  the  general  remote  clock  synchronization 
problem  Hits  section  contains  only  a  brief  outline  of  the  sugge  led 
procedures  while  reference  I  contains  the  complete  algebraic  lorniul.i- 
tions  I  lie  procedure  is  a  specific  one  which  presently  is  being  used  to 
synchronize  the  Omega  system  and  includes  lour  hourly  adjustments  tor 
frequency  onsets  and  weekly  phase  corrections  lor  indicated  epoch 
errors  The  trequciicy  estimates  are  based  on  a  Mt-duy  least  squares  r, 
grexsion  of  nine  data  points  I  week  ipart  I  he  procedure  is  convertible 
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to  other  regression  schedules  and  waiting  periods  between  epoch  adjust¬ 
ments. 

The  starting  point  for  this  discussion  is  an  equation  relating  the 
epoch*  of  a  dock  at  the  present  time  t  to  some  past  time  t-1 

^!=Vl +Et  +  FtT  (4) 

where  0,  =  phase  epoch  at  the  end  of  the  t1*1  interval 

0(.|  -  phase  epoch  at  the  end  of  the  (t-l)1-1  interval 
E,  =  phase  correction  applied  during  t1*1  interval 
I-',  =  frequency  radiated  over  t,E  interval 
T  =  interval  length 

Equation  (4)  states  that  the  epoch  that  existed  at  time  t-l  has 
been  altered  by  a  discrete  adjustment  inserted  by  the  timekeeper  and 
also  by  the  accumulated  phase  ollscl  produced  by  the  frequency  diflci- 
eiicc  between  the  loeal  eloek-jilus  phase  shifter  combination  and  the 
‘pericet’  relerence.  This  frequency  difference  is  given  by 

i;,  =  r,  +  6ft  t5) 

where  l,  -  cesium  standard  trequciicy  olivet  Horn  perfect  reference 
over  ltE  interval 

6l|  =  negative  ol  the  estimated  cesium  frequency  olivet,  or 
‘accumulation,'  over  t1'1  interval 

6f,  may  be  estimated  by  a  least  squares  regression  of  phase  on  time. 

If  no  adjustment  wav  being  made  for  the  inherent  frequency 
oflsct  ol  the  cesium  standard,  (lie  term  f,  would  cause  the  epoch  to  ad¬ 
vance  or  retard  depending  on  whether  tins  offset  was  positive  or  negative 
Because  the  estimate  term  6l(  is  computed  from  phase  shifter  adjustments 
intended  to  remove  the  apparent  cesium  olfset.  the  regression  line  will 
have  a  dupe  opposite  in  vigil  to  the  offset  and  the  addition  ol  the  two 
terms  in  (5)  should  cancel  one  another  and  result  in  no  change  to  the 
epoch  In  reality,  the  estimates  are  impertcct  and  will  result  in  some 
indicated  epoch  discrepancy  ai  the  end  of  every  interval  The  correction 
teim  I !  is  designed  lo  remove  tins  orroi  ,md  is  given  by 

*  I  =  00, .|  1  0(O|_|  *  N|-|'  (6) 

A 

where  0|_|  -  lire  estimated  cpocli  at  the  cud  of  the  tt-l|H>  interval 
0,_l  5  the  Hue  phase  epoch  at  the  end  ol  the  (t-l)11'  interval 
N,_  |  -  the  noise  on  the  estimate 
0  ~  parameter  lo  he  Inund 

ilte  parameter  U  is  considered  lo  lie  a  'believalulity,'  or  weighting  factor 
which  permits  the  llexibility  ol  using  the  known  stability  ol  the  stand¬ 
ards  as  a  guide  for  interpreting  the  real  epoch  error  as  something  differ¬ 
ent  I’om  100  percent  of  the  indicated  estimate  0  Because  minimization 
ot  the  v  malice  of  the  epoch  errors  is  desired,  a  result  of  0  as  a  negative 
frac  tion  is  expected  from  this  exercise.  The  procedure  to  be  followed  is 
recursion  and  minimization  of  variance  for  equation  (0),  with  0  as  the 
controlling  parameter  The  results  shown  below  employ  a  frequency 
recursion  of  a  60-day  least  squares  estimation 

The  plotr  shown  in  figure  -  were  obtained  from  a  graphical  analy¬ 
sts  ot  several  var  d>.  versus  0  plots  as  show  n  in  reference  I  0Op,|m.im  is 

the  apparent  minimum  of  those  curves  white  u.  is  related  to  the 

vrmn 

value  ol  car  resulting  at  those  imnumimv  The  figure  indicates  tlul 


“The  epoch  reins  used  here  mas  iclei  lo  phase  oi  time  a-  long  as  all  quamui.'  luce 
the  same  uims  in  the  equations 
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^optimum  var*es  Aversely  with  noise  and  directly  with  oscillator  stabil¬ 
ity.  as  expected  The  plot  of  /of  is  intended  to  indicate  the  linear 
3  "mm 

variation  of  epoch  with  noise  for  any  standard  variability,  when  the 

optimum  0  is  being  applied; e.g.,  when  the  noise  is  five  times  the  standard 
variability,  the  application  of  a  0  of  -0  3  results  in  an  epoch  variability  of 
only  about  3.5  times  worse  than  the  standard.  The  apparent  extrapolation 
to  0.1  indicates  that  under  conditions  of  zero  noise,  the  epoch  variability 
can  be  no  smaller  than  that  of  the  standard. 


CONCLUSIONS  AND  RECOMMENDATIONS 


By  means  of  the  techniques  described,  epoch  at  timing  sites  mav 
be  deduced  and  maintained  to  bet  lei  than  3  /iscc  and  frequency  can  be 
maintained  to  about  one  part  in  101-  via  Omega  transmissions.  Theoreti¬ 
cally.  employing  special  techniques  should  make  possible  the  mainten¬ 
ance  ot  cpoe'i  to  better  than  1  » sec  Prior  to  implementation  of  a  com¬ 
plete  global  Omega  system  in  tlu  early  1 970’s,  a  usclul  timing  capability 
presently  is  available  I  rum  the  existing  lour  stations  although  at  reduced 
accuracy  in  remote  areas  The  procedures  described  are  essentially  those 
which  have  been  employed  in  synchionizing  Omeg  •  for  the  past  4  years, 
and  hence  may  be  recommended  as  practicable  lor  immediate  implementa¬ 
tion. 

However,  much  additional  work  remains  to  be  done.  The  areas 
requiring  special  attention  mJudc  pulse  timing,  receiver  installation  dc 
sign,  propagation  prediction,  in  ter  path  cross  correlation  and  signal  auto¬ 
correlation.  adjustment  procedure  optimization,  and  autocorrelation  of 
the  frequency  variations  of  quality  standards  The  correlation  questions 
are  potcntiallv  the  most  important  and  most  difficult  Conflicting  data 
are  presently  available  and  even  relatively  low  long-term  correlation  in 
frequency  standards  can  drastically  change  the  optimization  of  the  ad¬ 
justment  procedure  Similarly,  cross  correlation  ol  phase  fluctuations 
on  various  paths  may  be  significantly  different  for  timing  applications 
than  for  navigation  owing  to  the  elimination  of  recognized  disturbances. 
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TIME  DISSEMINATION  CAPABILITIES  OF  THE  OMEGA  SYSTEM  * 

Lowell  Fey 

Time  and  F reouency  Division 
National  Bureau  of  Standards 
Boulder,  Colorado  80302 


Summary 

The  Omega  VLF  navigation  system  affords  an 
opportunity  to  disseminate  time  synchronization  signals 
which  could  serve  two  classes  of  users:  those  who  need 
precise  timing  and  those  who  need  time-of-day  informa¬ 
tion  in  the  form  of  a  time  code.  This  paper  discusses 
p.ecise  timing  us"  in  terms  of  carrier  pulse  timing, 
multiple  frequency  techniques  for  carrier  cycle  ambi¬ 
guity  resolution,  and  Onega  system  capabilities  in  the 
microsecond  region.  For  use  where  unattended  auto¬ 
matic  timing  is  needed,  a  time  code  giving  second, 
minute,  hour,  and  day  number  information  could  serve 
a  variety  of  needs.  These  are  described  along  with 
characteristics  and  constraints  of  such  a  code  imposed 
by  the  existing  navigation  format.  The  paper  concludes 
with  desirable  receiver  characteristics  and  develop¬ 
ment  requirements  for  these  two  timing  uses. 

Key  Words:  Multiple  frequency  timing;  Omega 
time  code;  precise  time  receiver;  precise  timing;  time 
code  receivers;  VLF  timing. 


It  is  always  difficult  to  find  out  who  timing 
customers  are  and  what  they  really  need.  But,  if  they 
need  precise  timing,  this  implies  that  they  are  already 
working  in  a  rather  sophisticated  technological  area. 
They  probably  have  some  high  quality  equipment  or 
money  to  buy  it;  they  have  made  some  effort  to  '.earn 
about  possible  solutions  to  their  problems;  and  they  tend 
to  know  when  to  ask  nelp  of  cither  or  both  of  the  time 
dissemination  agencies  in  this  country:  The  U.  S.  Naval 
Observatory  or  the  National  Bureau  of  Standards.  No 
present  system,  WWV-WWVH,  WWVB  included,  has  the 
worldwide,  contiivius  availability  time  code  potential 
of  the  Omega  s’/r'  in.  Some  problems  exist  in  adapting 
a  time  code  tc  jmega's  existing  format,  but  these  nan 
be  overcome. 

An  Omega  Time  Code 

On  the  other  hand,  we  know  of  the  .  xistence  of  a 
number  of  requirements  for  low  accuracy  timing  which 
needs  not  only  seconds  but  also  minutes,  hours,  days, 
and  perhaps  years, ^  and  which  is  available  continuously 
and  automatically.  ■  The  users  for  this  sc-  -ice  are 
harder  to  identify  because  timing,  though  essential,  is 
not  such  a  central  part  of  their  problem.  This  type  of 
ase  generally  is  to  time  the  occurrence  of  events  which 
arc  recorded  on  permanent  media  3uch  as  strip  charts 
or  magnetic  tape.  Often  the  events  occur  at  random 
times --for  instance,  seismic  activ.ty  and  other  geo¬ 
physical  phenomena.  Sometimes  comm''”  cation  centers 

*  Contribution  oi  tne  National  Bureau  of  Standards, 
not  subjo<  t  to  copyright. 


need  to  record  and  time  all  of  their  communication 
traffic.  Another  use  is  when  large  amounts  of  test  data 
are  recorded  and  later  the  results  correlated  in  time 
among  a  number  of  locations.  Sometimes  this  requires 
both  coarse  and  fine  timing  such  as  for  missile  and 
satellite  tracking. 

For  these  uses  it  is  not  sufficient  just  to  have 
special  timing  marks  to  identify  the  beginning  of  longer 
time  subdivisions  such  as  WWV's  double  seconds  ticks 
which  identify  occurrence  of  the  beginning  of  a  minute. 

It  is  necessary  to  provide  additional  information  to  tell 
which  minute  is  beginning. 

Serial  Time  Code 

A  special  time  code  which  can  meet  this  need  and  is 
applicable  to  Omega  is  the  serial  time  code. 

Such  a  code  can  give  the  necessary  timing  information, 
repeating  and  updating  it  at  a  fixed  rate  appropriate  to 
the  timing  requirements.  The  most  well-known 
examples  of  such  codes  are  the  so-called  IRIG  codes. 
1RIG  stands  for  Inter-Range  Instrumentation  Group, 
consisting  of  representatives  from  various  missile 
ranges  and  tracking  stations.  This  group  has  dev.  pod 
and  standardized  a  number  of  codes  suitable  for  differ¬ 
ent  timing  purposes.  2  All  IRIG  codec  use  pulse  width 
encoding  in  binary  form  to  convey  timing  information. 
They  are  transmitted  either  as  a  d-c  signal  level  shift 
or  as  amplitude  modulation  of  a  carrier.  The  most 
well-known  examples  use  i-’iary  coded  decimal  form 
and  arc  not  difficult  to  rev  by  eye.  An  example,  IRIG 
H,  is  shown  in  Fig.  1.  It  has  a  frame  length  of  1  min¬ 
ute  with  1  pulse  per  second  index  markers.  Wide  index 
pulses  represent  a  binary  one  and  narrow  pulses  a  binary 
zero.  In  addition,  extra  wide  pulses  arc  used  as  position 
identifiers  to  help  identify  the  elements  of  the  code  within 
the  code  frame.  Since  the  frame  is  1  minute  long  the 
code  only  gives  time  to  the  nearest  minute.  The  time  to 
which  the  code  refers  is  the  beginning  of  the  code  frame. 

When  such  a  time  code  is  recorded  on  a  separate 
track  along  with  data  on  magnetic  tape  it  greatly  sim¬ 
plifies  the  recovery  of  data.  If  one  wishes  to  examine 
data  for  a  specific  time  it  is  possible  to  locate  this  time 
with  a  device  called  a  tape  search  unit.  If  a  particular 
type  of  phenomenon  needs  to  be  examined,  a  computer 
unit,  in  con, unction  with  a  tape  search  unit,  can  identify 
all  events  of  a  given  class  on  a  tape.  Then  these  events 
can  be  reexamined  in  detail  at  low  speed  if  desired. 
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If  the  time  code  is  recorded  directly  on  a  strip 
chart  recording  along  with  other  phenomena,  the  code 
can  be  decoded  by  eye  with  a  little  practice.  An  example 
might  be  a  recording  of  phase  difference  between  two 
oscillators.  A  time  code  could  be  added  at  the  edge  of 
the  recording  using  an  event  marker  giving  time  refer¬ 
ence. 

It  is  also  possible  to  use  time  code  decoders,  or 
readers,  to  convert  the  code  vo  an  on-line  digital  time 
display  when  desired.  Such  a  display  will  update  the 
time  reading  once  for  each  received  time  code  frame-- 
that  is,  once  per  minute  in  the  examples  cited  of  IRIG. 
Or,  it  can  be  provided  with  its  own  time  base  which  is 
synchronized  by  means  of  the  time  code,  but  may  be 
updated  more  often  according  to  requirements. 

The  type  of  time  code  just  discussed  is  the  result 
of  designing  the  code  around  a  given  kind  of  timing  need. 
It  may  be  generated  and  decoded  using  conventional 
digital  logic  circuit  techniques.  It  is  well  suited  for 
transmission  over  hard  wire  or  high  signal-to-noise 
radio  circuits.  These  codes  are  now  generally  available 
on  missile  ranges  and  other  extensive  operations 
requiring  timing.  IRIG  H  will  also  become  available  on 
a  100  Hz  AM  subcarrier  of  the  NBS  (IF  stations,  WWV 
and  VVWVH,  starting  July  1,  1971.  ^  A  somewhat  similar 
though  non-standard  type  of  time  code  has  been  available 
from  the  NBS  oO  kHz  station,  WWVB.  Coverage  of  all 
these  services  is  limited  to  small  regions  of  the  world 
and  is  interrupted  due  to  changing  radio  propagation 
conditions. 

We  feel  that  a  uniform  world-wide  2-1 -hour  a  day 
time  code  service  could  be  provided  which  would  benctit 
a  much  larger  group  of  users  than  now  can  receive  time 
codes  broadcast  by  NBS.  The  Omega  \  l.F  navigation 
system,  presently  being  made  operational  by  the  U.  S. 
Navy  and  which  will  ultimately  have  eight  transmitters 
located  throughout  the  world,  has  the  notential  to  meet 
these  requirements.  Therefore,  we  arc  exploring  the 
possibilities  for  sharing  a  time  code  broadcast  from 
Omega  along  with  its  navigation  service  broadcast.  Such 
a  code  cannot  be  one  of  some  six  IRIG  codes  because  of 
the  constraints  imposed  by  the  existing  Omega  format, 
which  is  shown  in  Fig.  2.  To  be  noted  here  is  that  the 
navigation  frequencies,  10.2,  i3.b,  and  1 1 .3  kHz  are 
broadcast  on  three  consecutive  time  segments  in  turn 
from  each  Omega  transmitter.  This  is  shown  by  dotted 
crosshatching  in  Fig.  2.  (The  vertical  crosshatching  in 
this  figure  indicates  the  basic  unique  frequency  trans¬ 
mission  slot  for  each  station.  )  Each  Omega  time  frame 
is  10  seconds  long  and  contains  8  segments,  thus  each 
segment  occupies  1.25  seconds  on  the  average.  In 
practice  the  segments  are  of  slightly  unequal  length  and 
are  separated  by  0.2  second  when  transmission  occurs. 
We  sec  that  there  arc  5  unused  segments  (including 
unique  frequency  slots)  which  are  available  in  turn  irom 
each  transmitter.  These  segments  have  been  reserved 
for  interstation  data  exchange.  The  method  used  will  be 
Frequency  Shift  Keying  (FSK)  using  a  different  pair  of 
unique  frequencies  at  each  station.  Since  there  are  8 
stations  this  makes  16  unique  frequencies  m  all.  A  pair 
from  a  given  station  will  be  separated  by  250  Hz.  Most 
of  these  frequencies  will  be  between  12  and  13  kHz.  The 
required  data  exchange  rate  's  sufficiently  low  that  the 
Omega  Planning  Office  and  NBS  have  tentatively  agreed 
that  2  minutes  out  of  every  5  will  he  made  available  h  r 


a  time  code  broadcast.  Now  we  see  that  as  a  starting 
point  in  designing  such  a  code,  we  have  twelve  10-sccond 
Omega  frames  to  construct  a  time  cede  frame  2  minutes 
long.  Each  10-second  frame  has  5  out  of  8  consecutive 
approximately  1 -second  segments  available.  The  first 
of  these  has  been  reserved  for  receiver  synchronization 
purposes  and  will  therefore  transmit  this  same  frequency 
every  frame.  This  leaves  4  segments,  appropriately  the 
right  number  to  transmit  one  decimal  digit  in  binary  form. 
Of  the  12  time  code  10-second  frames  in  the  2  minute 
time  code  frame,  the  first  needs  to  be  used  to  identify 
the  beginning  of  the  time  code  frame  and  distinguish  it 
from  the  3-minute  communication  frame.  The  remaining 
11  frames  are  available  to  provide  a  time  code.  A 
straightforward  form  of  this  code  then  is:  minutes, 

2  frames;  hours,  2  frames;  days,  3  frames;  and  years, 

2  frames;  leaving  2  frames  unspecified.  This  format  is 
showr  in  Fig.  3.  This  time  code  format  would  seem  to 
provide  the  information  needed  by  the  anticipated  uscr». 

It  would  not  be  necessary  for  all  8  Omega  trans¬ 
mitters  to  transmit  a  time  code  tor  worldwide  rocioption. 
Eight  Omega  stations  are  planned  because  a  navigator 
must  be  able  to  receive  at  least  3  stations  simultaneously 
to  determine  his  position.  A  time  user  need  only  receive 
one  station  to  determine  time.  The  number  and  location 
of  transmitters  needed  to  provide  sufficient  coverage  for 
a  time  code  arc  uncertain,  but  perhaps  3  would  be 
adequate.  If  only  1  station  is  so  equipped  the  North 
Dakota  station  would  provide  very  good  coverage  of  the 
United  States. 

Before  discussing  receiving  techniques,  the  subject 
of  time  scales  and  the  relation  of  an  Omega  time  scale 
to  existing  time  scales  should  be  mentioned.  Beginning 
January  1,  1972  all  tiini  and  frequency  broadcasts  in 
countries  supporting  the  International  Telecommunica¬ 
tions  Union  will  change  from  the  present  offset  frequency 
to  exact  atomic  frequency  and  the  resulting  atomic  time 
scale  will  be  coordinated  internationally  by  the  Inter¬ 
national  Bureau  of  Time  located  in  Paris.  It  vtill  get 
out  of  step  with  earth  time  (UTC)  at  the  rate  of  about 
1  second  per  year.  To  prevent  this,  1 -second  steps  1 
will  be  made  in  the  new  atomic  time  scale  so  that  this 
scale  will  never  depart  from  UTC  by  more  than  about 
0.7  second.  Sinre  the  steps  are  1  second  and  the  u-ual 
time  signals  are  1 -second  ticks,  these  steps  merely 
amount  to  relabeling  the  ticks  which  arc  broadcast. 

This  relabeling  of  seconds  would  not  interfere  with 
systems  requiring  timing  which  cerate  with  a  1 -second 
basic  period.  The  Omega  transmission  format, 
however,  has  a  10  second  basic  period;  to  remain  in 
step  with  the  UTC  system,  its  format  would  have  to 
shift  by  1/10  the  basic  period  every  time  a  1 -second 
step  took  place.  This  would  contribute  nothing  to  the 
navigation  use;  on  the  other  hand  it  would  most  cer¬ 
tainly  jeopardize  its  performance.  The ii  fore,  the 
Omega  navigation  format  will  operate  on  a  pure  atomic 
scale  w,lli  no  step  and  this  will  necessarily  be  true  of 
any  time  scale  it  disseminates.  Thc  Om.gu  Navigation 
System  is  already  in  limited  opeiation  and  there  foie 
has  its  own  time  scale  now  operating  on  th  offset  fre¬ 
quency.  Changing  to  atomic  fr  equency  on  January  I, 

1*72  will  be  disruptive  enough  for  the  system  without 
also  r,  setting  signal  phases  to  conform  to  the  lie  w  inti  r  - 
national  time  scale.  Thus,  thc  ticks  from  this  seale 
and  those  of  thc  Ome  ga  atomic  time  scale  will  not  coin¬ 
cide.  This  fact  will  not  particularly  affect  thc  useful¬ 
ness  of  an  Omega  time  code  broadcast  since  users  will 


not  bo  concerned  with  differences  of  less  than  a  second 
anyway.  Precise  timing  users,  however,  will  need  to 
know  the  constant  difference  between  the  two  scales. 

Precise  Timing  Uses 

The  Omega  system  can  be  used  simultaneously  for 
precise  time  dissemination  and  time  code  dissemina¬ 
tion.  The  multiple  frequency  technique  for  precise 
time  recovery,  essentially  the  same  as  that  for  navi¬ 
gational  use,  has  been  discussed  extensively5’  ,  but 
will  be  mentioned  again  briefly. 

For  this  use,  it  is  necessary  to  determine  the 
phases  of  two  or  more  received  frequencies.  The  fre¬ 
quencies  have  beer,  arranged  so  that  by  taking  diff¬ 
erences  between  them,  lower  and  lower  derived 
frequencies  can  be  obtained  and  their  phases  also 
determined.  These  lower  frequencies  then  constitute 
timing  signals  with  wider  and  wider  ambiguity  spacing. 
If  time  fluctuation  of  the  phase  of  a  given  (lower)  fre¬ 
quency  is  smaller  than  half  the  period  of  a  higher 
frequency,  a  given  cycle  of  the  higher  frequency  can 
be  identified  with  a  zero  crossover  of  the  lower  fre¬ 
quency.  This  method  can  be  employed  to  proceed 
step  by  step  from  an  easily  identified  lower  frequency 
such  as  the  Omega  approximately  1 -second  segments 
all  the  way  to  the  carrier  frequency.  In  this  way  a 
time  dissemination  system  with  timing  stability  cor¬ 
responding  to  the  phase  stability  of  the  carrier  may  be 
obtained,  typically  a  few  microseconds  from  day  to  day 
for  Omega.  If  propagation  delay  can  also  be  deter¬ 
mined,  then  the  system  could  have  an  accuracy  as  well 
as  a  stability  of  a  few  microseconds.  Portable  clocks 
provide  this  possibility  for  such  propagation  delay 
measurement.  Theoretical  delay  predictions  may  also 
be  used,  with  lower  timing  accuracy.  ' 

The  number  of  cycle  identification  steps  nec¬ 
essary  to  identity  a  carrier  cycle  in  such  a  system  is 
to  first  order,  determined  by  the  m.  .* rutude  of  the 
carrier  phase  fluctuations.  As  frequency  differences 
are  taken  to  get  lower  frequencies,  the  magnitude  of 
the  phase  fluctuations,  express!  d  in  tractions  of  a 
period,  are  preserved. 

We  saw  that  the  difference  frequency  fluctuations 
must  be  less  than  half  the  period  of  the  higher  fre¬ 
quency  for  cy  cle  identification.  Thus,  if  day-to-day 
averages  for  carrier  fluctuations  are  1/20  of  a  half 
period,  (about  2.5  microseconds  is  typical  of  Omega) 
a  step  with  a  ratio  of  a  lower  to  higher  frequency  of 
20  may  be  used. 

Since  the  Omega  format  is  already  fixed,  only 
certain  frequency  ratios  are  possible.  The  250  Hz 
separation  of  the  unique  frequencies  is  the  lowest 
direct  difference  obtainable.  With  this  frequency  a 
ratio  of  40. d  is  required  to  get  to  the  carrier  fre¬ 
quency  of  10.2  kHz  in  one  step.  This  single  step 
would  probably  suffice  for  carrier  cycle  identification 
over  low  fluctuation  paths  such  as  Hawaii  to  Boulder. 
Where  two  steps  are  required,  the  Omega  format 
permits  the  ratios  of  13.6  and  3,  or  5.33  and  7.75,  to 
identify  carrier  cycles  of  10.2  kHz.  Thi  additional 
navigation  frequencies  of  13.6  kHz  or  11  1/3  kHz 
would  be  used  in  this  case. 


After  relating  a  zero  crossover  of  the  250  Hz  to 
a  carrier  cycle  by  the  procedure  just  described,  the 
next  step  in  reducing  ambiguities  would  be  to  relate  the 
approximately  1 -second  Omega  segment  time  markers 
to  a  cycle  of  the  250  Hz.  This  must  be  done  by  deter¬ 
mining  the  time  of  arrival  of  these  segment  pulses  to 
better  than  half  the  period  of  250  Hz,  that  is  2  ms.  Work 
at  NBS  and  NELC  indicates  that  this  may  be  done. 

Identification  of  the  time  of  occurrence  in  seconds 
and  minutes,  etc.,  of  Omega  segment  pulses  may  be  made 
with  the  aid  of  some  other  source  of  coarse  timing  such 
as  WWV  time  announcements,  or  it  could  be  made  from 
an  Omega  time  code.  In  that  case  Omega  would  provide 
a  self-contained  worldwide  timing  capability  offering  a 
range  of  timing  from  coarse  to  precise. 

Receivers 

To  make  such  a  tinvng  system  usable,  much 
development  of  a  Omega  time  code  receiver  must  take 
place.  A  receiver  capable  of  giving  both  precise  timing 
and  of  decoding  the  time  code  could  consist  of  a  number 
of  modules.  The  precise  timing  portion  must  be  capable 
of  phase  locking  to  the  several  carrier  frequencies 
which  are  employed.  Its  circuits  must  be  phase  stable 
and  a  method  must  be  provi  ed  to  relate  the  phases  of 
the  incoming  signals  to  the  local  time  scale.  Probably 
the  most  promising  way  of  doing  this  is  by  a  calibration 
technique  whereby  replicas  of  the  incoming  signals  are 
generated  from  the  local  clock  and  then  injected  into  the 
receiver  front  end  or  antenna.  The  receiver  then 
becomes  a  comparison  or  null  detecting  device  and 
precise  knowledge  of  its  phase  shifts  are  unnecessary. 

For  determining  the  time  of  arrival  of  the  carrier 
pulses  with  sufficient  accuracy  to  identify  a  period  of 
250  Hz,  some  pulse  averaging  is  necessary  if  conditions 
are  noisy.  This  could  be  done  by  photographic  integra¬ 
tion  or  signal  processing.  Another  way  of  solving  this 
problem,  described  by  Baltzer,  ®  consists  of  first 
lowering  the  difference  frequency  irom  250  Hz  to  50  Hz 
by  looking  for  simultaneous  zero  crossing  of  the  two 
unique  frequencies  and  one  of  the  navigation  frequencies. 
This  reduction  in  ambiguity  by  a  factor  of  five  relaxes 
the  pulse  timing  accuracy  requirement  from  2  micro¬ 
seconds  to  10  microseconds. 

For  using  the  time  code,  the  receiver  must  be 
capable  of  recognizing  the  presence  or  absence  of 
signals  during  each  of  the  4  time  code  segments  which 
occur  during  an  Omega  10- second  frame.  Since  signals 
from  different  Omega  stations  can  be  separated  by  as 
little  as  50  Hz,  the  filtering  problem  may  be  severe. 

Once  the  signals  arc  obtained  from  the  two  i  nique  fre¬ 
quencies  they  may  bi  r!  corded  directly  ori  tape  or  strip 
chart  along  with  data  liuin  phenomena  being  studied.  Or, 
if  a  time  display  is  disirid  the  logic  problem  of  decoding 
them  is  as  straightforward  as  with  any  conventional  tunc 
code  decoder.  We  belie,;  these  .anous  developments 
arc  needed)  moreovei,  tl.iy  arc  well  witlun  the  present 
state  of  technology  and  ci  lo  ii  ad  to  the  most  nearly 
universal  timing  receiver  yet  produced. 


Conclusions 


In  summary,  this  paper  proposes  an  opportunity 
for  using  the  Omega  VLF  navigation  system  for  both 
low  and  high  accuracy  time  users.  Implementation  for 
time  of  day  needs  is  suggested  by  means  of  an  NBS- 
Omega  time  code  (minutes,  hours,  days,  and  years) 
compatible  with  the  existing  Omega  format.  Precise 
timing  is  available  through  the  multiple  frequency  tech¬ 
nique  for  carrier  cycle  ambiguity  resolution.  The 
advantages  of  Omega  timing  are  attractive,  and  if 
receiver  and  developmental  techniques  can  be  resolved, 
many  timing  requirements  can  be  met  throughout  the 
world. 
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Fig.  1  -  Composition  of  the  1K1G  II  Format, 
signal  11001. 
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Summary 

The  accuracy  of  radio  timing  systems  depend  upon 
being  able  to  predict  the  time  delay  for  a  signal  to 
propagate  between  a  transmitter  (where  the  time  is 
known)  and  a  receiver  (where  the  timing  information  is 
needed).  The  precision  of  these  systems  depends  on 
the  repeatibility  or  stability  of  the  systems,  which 
includes,  of  course,  the  stability  of  the  propagation 
medium. 

The  Loran  C  navigation  system  is  known  for  its 
capability  to  pr  vide  high  precision  for  both  navigation 
and  timing.  This  results  from  the  high  stability  of  low 
frequency  signals  propagating  along  the  ground,  and 
because  the  ground  wave  part  of  the  Loran  C  signals 
can  be  temporally  separated  from  the  more  variable 
and  less  predictable  sky  wave  part. 

Correction  factors  are  readily  calculated  to  improve 
accuracy  where  the  path  is  smooth  and  homogeneous 
(over  seawater,  for  example).  However,  new  measure¬ 
ments,  made  to  assess  errors  in  accuracy  over  irregu¬ 
lar  and/or  inhomogeneous  terrain  have  led  to  new  and 
interesting  results  that  must  be  taken  into  account 
when  the  Loran  C  system  is  used  for  timing  accuracy 
when  the  propagation  paths  involved  are  over  rough 
terrain. 

1)  The  100  kHz  ground  wave  signals  are  slowed  by 
the  rough  terrain.  To  take  this  effect  into  account 
would  require  an  additional  correction  to  the  phase 
velocity  equivalent  in  magnitude  to  the  secondary  phase 
correction  factor  calculated  for  smooth  homogeneous 
land  patiis. 

2)  Measurements  of  the  leading  edge  of  the  Loran- 
C  pulse,  which  represents  the  pulse  energy  trans¬ 
mitted  by  ground  wave,  show  a  phase  modulation  which 
is  highly  dependent  on  local  terrain  features.  Thus, 
phase  errors  of  several  tenths  of  a  microsecond  can 
occur  depending  on  which  cycle  of  the  pulse  is 
referenced. 

3)  In  mountainous  terrain,  the  amplitude  of  the 
signal  can  vary  by  as  much  as  15  decibels  as  receiver 
locations  are  changed  by  a  few  miles,  while  the  phase 
discrepancy  (the  difference  between  observed  and  pre¬ 
dicted  values  of  phase)  can  vary  by  up  to  a  micro¬ 
second  from  site  to  site. 


Loran-C  was  designed  as  an  over-the-sea  radio¬ 
navigation  system,  and  the  deployment  of  the  Loran-C 
chains  was  arranged  so  that  their  principal  service 
areas  were  always  seaward.  The  Loran-C  system 
involves  pulsed  100  kHz  transmissions  in  which  a 
specific  cycle  within  the  pulse  is  identified.  The  band¬ 
width  of  the  system  (nominally  20  kHz)  is  great  enough 
so  that  the  pulse  rise  time  is  sufficiently  fast  to 
isolate  the  part  of  the  signal  propagating  by  ground 
wave  from  the  parts  of  the  signal  propagated  via  the 
ionosphere.  For  precise  position  determination  it  is 
only  necessary  to  calculate  the  phase  delay  of  the  very 
stable  ground  wave  transmitted  100  kHz  signals  from 
the  various  transmitters  in  the  chain  to  the  receiver. 

If  we  can  use  a  homogeneous,  smooth  sphere  to 
represent  the  earth  the  delays  are  readily  determined 
by  calculating  the  phase  velocity,  including  the  dif¬ 
fraction  corrections,  for  waves  propagating  along  a 
geodetic  of  a  spherical  surface  having  a  specified  con¬ 
ductivity  and  dielectric  constant.  Since  a  smooth 
homogeneous  sphere  model  is  a  good  characterization 
of  the  earth  for  paths  over  sea  water,  Loran  has  work¬ 
ed  successfully  for  many  years  and  has  provided  very 
accurate  positioning  in  the  designated  service  areas. 

In  recent  years,  Loran-C  has  turned  landward. 

In  particular  the  installation  of  the  station  at  Dana, 

Ind.  (together  with  the  transmitters  at  Cape  Fear, 

N.  C.  ,  and  Jupiter  Inlet,  Fla.)  now  permits  coverage 
for  southeastern  USA,  and  a  4  station  chain  provides 
coverage  over  land  areas  in  Southeast  Asia.  The 
propagation  paths  are  often  over  mountainous  legions 
with  variable  conductivity.  The  question  arises,  then, 
what  happens  to  Loran  accuracy  when  the  waves  propa¬ 
gate  over  irregular  and  inhomogeneous  terrain9  Our 
laboratory,  under  the  auspices  of  the  U.S.  A.  F.  ,  is 
trying  to  answer  this  question. 

To  bring  *he  results  of  our  current  tests  into  per¬ 
spective  it  is  useful  to  review  some  of  the  basic 
'smooth  earth"  results.  The  smooth  caith  diffraction 
corrections  are  shown  in  Fig.  1.  These  curves  were 
calculated  by  Jollier,  I- ellar  and  Walters’,  (also  sec 
Jollier  ar  j  Berry’)  and  represent  the  difference 
between  the  actual  phase  that  would  be  measured  at  a 
given  distance  and  the  phase  that  would  have  been 
measured  if  the  wave  has  traversed  the  path  at  the 
speed  of  light  (in  a  medium  with  refractive  index 
rj  '  1.000,050  to  1.000,250).  The  curves  are  para- 
n\etric  in  earth  conductivity.  Generally  speaking  the 
higher  the  conductivity,  the  smaller  the  coriection. 

The  characteristic  behavior  at  short  distances  results 
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from  near  field  effects,  but  once  beyond  a  couple  of 
hundred  kilometers  from  the  transmitter  the  rate  of 
change  of  phase  is  very  nearly  a  linear  function  of 
distance  and  can  be  characterized  by  the  slope  of  the 
curve  in  units  of  ;isec/km.  At  low  conductivities, 
however,  there  is  a  "turn  around"  in  the  curves.  This 
feature  is  better  portrayed  in  Fig.  2,  where  the  slopes 
of  the  curves  in  Fig.  2  arc  shown  as  a  function  of 
earth  conductivity.  Conductivity  is  shown  on  the 
abscissa  and  increases  to  the  left.  The  slope  in¬ 
creases  with  decreasing  conductivity,  reaching  a 
maximum  for  a  conductivity  of  about  0.  001  mhos/meter. 
For  lower  conductivities  the  slope  again  decreases. 

The  physical  reason  for  this  is  that  at  low  con¬ 
ductivities  the  earth  begins  to  react  to  the  waves  like 
a  dielectric  sphere,  rather  than  as  a  conducting  sphere, 
and  the  behavior  of  the  waves  changes  accordingly. 

Note  that  the  maximum  value  is  about  0.  0065  gs/km. 

For  a  smooth  earth  with  .005  mhos/meter  conductivity 
the  slope  is  approximately  0.0042  gs/km.  Thus, 
referenced  to  a  .  005  mhos/meter  smooth  homogeneous 
earth,  the  maximum  difference  in  slope  should  not 
exceed  0.0023  gs/km,  (or  2.  3  gs  in  1000  km). 

Figure  3  shows  some  of  the  same  information  that 
appeared  in  Fig.  1,  but  it  is  plotted  against  a  linear 
scale  to  better  highlight  the  linear  dependence  of 
phase  correction  on  distance.  Also  shown  is  the 
dependence  of  the  ohase  correction  on  lapse  rate,  the 
rate  of  change  of  refractive  index  with  height.  The 
lapse  late  can  bo  accounted  for  in  the  calculations 
through  the  incorporation  of  an  "effective  earth's 
radius".  The  curves  for  a  =  0.75  correspond  to  the 
well  known  effective  4/3  earth  radius,  while  the 
curves  for  a  -  1  correspond  to  a  zero  lapse  rate. 

Thus  changes  in  weather  can  change  the  secondary 
phase  correction  factors.  The  effect  is  small,  how¬ 
ever,  (amounting  to  at  most  only  a  few  tenths  of  a 
microsecond  at  reasonable  distances  even  under 
extreme  weather  changes).  For  ,005  mhos/meter 
earth,  for  example,  the  slope  changes  from  .  0042 
gs/km  for  a  =  0.  75  to  .  0049  gs/km  for  a  =  1.  Thu>,, 
even  though  the  effect  i3  small,  extreme  weather 
variations  could  account  for  a  variation  of  about  20 
percent  to  25  percent  in  the  slope  of  correction  factor 
curve.  (In  the  data  that  follows  the  correlation  of 
changes  of  slope  with  weather  changes  has  not  been 
investigated. ) 

When  the  100  kHz  ground  wave  signal  propagate  in 
irregular  terrain,  the  phase  and  amplitude  of  the 
signals  can  be  significantly  perturbed,  particularly  in 
the  vicinity  of  the  terrain  feature.  Figure  4  portrays 


the  results  of  some  calculations  by  Jollier  and  Berry2 
for  the  case  of  a  2  km  high  Gaussian  shaped  ridge.  The 
assumed  earth  conductivity  is  .005  mhos/meter,  and 
the  results  in  Fig.  4  show  the  effect  of  the  ridge 
normalized  to  the  values  that  would  have  been  calculat¬ 
ed  for  a  smooth  earth  with  the  same  conductivity.  The 
top  of  the  hiil  is  located  1 60  km  from  the  transmitter. 

In  the  vicinity  of  the  hill  relatively  large  changes  in 
both  phase  and  amplitude  occur.  At  a  considerable 
distance  from  the  hill,  however,  the  fields  do  not 
quite  recover  and  return  to  the  values  they  would  have 
had  in  the  absence  of  the  ridge. 

Figure  5  is  an  artist's  visualization  of  how  these 
effects  would  impact  on  Loran  navigation  accuracy. 

The  black  lines  are  the  lines  of  position  that  would  be 
laid  down  over  a  smooi  ,  homogeneous  earth.  The 
white  lines  portray  what  might  be  expected  in  the 
presence  of  irregular  and  inhomogeneous  terrain.  In 
the  mountains  a  considerable  amount  of  "warp"  is 
generated  by  the  effect  of  the  terrain  on  the  signals. 

Far  from  the  mountains,  the  black  and  white  lines  do 
not  quite  coincide  because  the  wave  fields  never  return 
to  their  original,  unperturbed  values.  Also  shown  is  a 
geologic  fault.  Calculations  show  that  inhomogeneities 
in  earth  conductivity  cause  perturbations  quite  similar 
to  those  created  by  terrain  irregularities.  Since 
terrain  irregularities  and  conductivity  inhomogeneitics 
usually  occur  together  it  is  hard  to  experimentally 
separate  out  the  effects  of  one  from  the  other. 

Under  the  auspices  of  the  USAF  the  Institute  for 
Telecommunication  Sciences  of  the  G'fice  of  Tele¬ 
communications,  undertook  experiments  to  test  these 
effects.  They  were  undertaken  in  two  stages.  The 
first  stage  was  designed  to  evaluate  the  long  range 
effects,  and  the  second  stage,  still  in  progress,  was 
to  examine  the  local  effects.  For  the  first  stage  a 
C-131  aircraft  was  equipped  with  a  specially  modified 
MIN-85  navigation  set  which  permitted  the  comparison 
of  the  phase  of  the  100  kHz  signal  received  from  a 
given  transmitter  with  the  phase  of  a  100  kHz  signal 
aboard  the  aircraft  that  was  derived  from  a  rubidium 
standard.  In  addition,  the  aircraft  was  equipped  with 
a  mapping  quality  aerial  camera  so  that  the  actual 
position  of  the  aircraft  could  be  determined  accurately. 
Figure  6  shows  the  three  flight  profiles  flown  during 
the  tests.  All  profiles  were  repeated  several  times, 
usually  at  a  height  of  7000  It  above  sea  level.  The 
E-W  path  over  N.  Carolina-Tennessee  and  the  N-S 
path  over  Pennsylvania  were  along  geodetic  lines  inter¬ 
secting  the  transmitting  station  at  Cape  Fear,  N.  C. 

The  E-W  path  over  W.  Virgima-Maryland  was  along 
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a  geodetic  intersecting  the  station  at  Dana,  Ind. 

Figures  7,  8,  and  9  show  typical  results  from  the 
flights.  The  abscissa  in  each  case  shows  the  distance 
from  the  referenced  transmitter  (Cape  Fear  for  the 
N.  Carolina-Tennessee  and  the  Pennsylvania  flight 
profiles,  Dana  for  the  Maryland -W.  Virginia  flight 
profile).  The  uppermost  curve  shows  the  terrain  alti¬ 
tude  along  the  geodetic  under  the  flight  profile.  The 
straight  line  in  the  middle  curve  corresponds  to  the 
specified  geodetic  and  the  line  that  wanders  about  it 
shows  the  actual  flight  plan.  The  plans  for  the  experi¬ 
ment  included  a  requirement  that  the  aircraft  stay 
within  1/4  mile  of  the  specified  flight  profile,  but  it 
was  only  rarely  that  we  succeeded  in  achieving  this 
goal.  In  most  flights,  the  airplane  was  sometimes 
more  than  a  mile  from  the  designated  path  so  that  it 
was  not  possible  to  correlate  small  scale  variations 
on  the  data  with  identifiable  land  features.  The  lower¬ 
most  curve  in  each  figure  shows  the  phase  change, 
normalized  to  the  smooth  homogeneous  earth  model 
values  for  an  earth  with  0.  005  mhos/meter  conductivity. 
The  slope  for  t'  •>  smooth  earth  case  is  4.  18  ps/ 
Megameter  (a  Megameter  equals  1000  km).  The  slopes 
observed  for  the  N,  Carolina-Tennessee,  Pennsylvania, 
and  the  Maryland-W.  Virginia  flights,  obtained  by 
least  squares  fit,  are  in  excess  of  this  by  4.  61  ps/Mm, 
4.  21  ps/Mm,  and  4.  53  ps/Mm,  respectively.  These 
values  far  exceed  the  values  that  could  be  predicted  for 
any  value  of  earth  conductivity  using  smooth  earth 
theory.  Thus,  it  appears  that  the  rough  terrain  does 
indeed  slow  the  waves.  Of  course,  these  data  were 
taken  at  an  altitude  of  7000  ft  above  sea  level.  There 
is  some  indication  in  the  data  that  there  is  an  altitude 
effect,  but  nevertheless,  the  effect  is  real  and  un¬ 
doubtedly  accounts  for  much  of  the  time  difference 
discrepancy  observed  in  Loran  lines  of  position  in 
inland  service  areas. 

To  examine  local  terrain  effects  we  chose  an 
extremely  rugged  area  of  the  Appalachian  range.  The 
area  is  near  Asheville,  N.  C.  and  includes  Mt, 

Mitchell,  the  highest  point  in  eastern  U.  S.  A.  The 
instrumentation  originally  on  the  C  -1  31  is  now  aboard 
an  Air  Force  helicopter  and  we  will  intensively  cover 
a  relatively  small  area  in  order  to  map  the  scale  and 
magnitude  of  the  local  anomolies  In  support  of  this 
effort,  we  made  ground-based  measurements  ujing 
Loran  timing  receivers  with  a  cesium  standard  for 
a  reference. 

Figure  10  shows  the  area  in  which  the  ground- 
based  data  were  taken.  The  black  dots  identify  the 
15  locations  used.  These  are  numbered  in  the  order 


that  we  first  we  it  to  each  site.  We  shall  use  the 
numbers  to  identify  the  sites  in  the  figures  that  follow. 
Note  that  the  altitude  in  the  area  varies  from  about 
2200  ft  to  about  6800  ft  above  sea  level  and  that  the 
maximum  horizontal  distance  involved  is  only  about 
25  km. 

Figure  11  shows  the  tracing  of  the  front  end  of  the 
Loran  pulse  produced  by  the  timing  receiver.  The 
short  horizontal  section  indicates  the  position  of  the 
"sampling  point",  i.  e.  ,  the  zero  crossing  in  the  pulse 
locked  onto  by  the  receiver  to  provide  a  phase  refer¬ 
ence.  The  receiver  also  has  an  amplitude  strobe 
which  occurs  1/4  cycle  prior  to  the  sampling  point. 

The  chart  on  which  the  pulse  was  drawn  is  driven  by  a 
inverter  but  one  second  time  ticks  d.erived  from  the 
receiver  100  kHz  were  recorded  on 'the  chart  and  used 
to  insure  that  the  chart  speed  was  constant. 

When  the  zero  crossings  (both  positive  going  and 
negative  going)  of  these  tracings  were  scaled  and  plotted 
on  a  chart  with  a  common  scale,  we  were  surprised  to 
find  that  the  length  of  the  first  3  cycles  of  the  pulse 
varied  from  site  to  site.  Figures  12,  13,  and  14  show 
the  results  for  the  three  signals  from  Cape  Fear,  Dana, 
and  Jupiter.  The  vertical  bars  indicate  the  position 
of  the  zero  crossings.  The  scales  were  normalized  to 
be  equivalent  to  30  ps  for  the  longest  trace.  The  results 
were  sorted  longest  or.  top,  shortest  on  bottom,  so  that 
the  trend  appears  clearly.  Note  that  the  order  of  the 
site  numbers  differ  between  figures.  Thus,  the  effect 
is  different  at  a  given  site  for  each  of  the  three  signals 
and  cannot  be  simply  related  to  characteristics  of  the 
sites  alone.  ThiB  phase  modulation  on  the  pulses  is 
undoubtedly  due  to  radio  energy  that  is  scattered  by 
the  rough  terrain  which  interferes  with  the  signals  that 
come  directly  from  the  transmitter. 

This  interpretation  becomes  more  credible  if  we 
look  at  the  amplitude  and  phase  characteristics  of  the 
signals.  Figures  15  and  16  show  the  amplitude  and 
phase  of  the  Dana  signals  as  a  function  of  site  position. 
Here  the  sites  are  ordering  in  sequence  according  to 
their  distance  from  the  Dana  transmitter,  but  normal¬ 
ized  so  that  the  closest  site  is  set  to  zero.  In  Fig.  15 
the  open  circles  connected  by  tne  light  lines  show  the 
variation  in  amplitude.  There  is  an  excursion  of 
almost  30  dB  in  signal  strength  at  different  sites  with¬ 
in  a  distance  interval  over  which  smooth  earth  theory 
would  predict  less  than  1  dB  change.  The  squares 
connected  by  heavy  lines  indicate  the  elevation  of  tin 
various  sites.  There  appears  to  be  a  correlation 
between  amplitude  and  elevation,  and  statistical 
evalUution  indicat.  s  that  for  these  15  data  points  the 
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correlation  is  significant. 

Figure  16  shows  the  variation  in  phase  difference 
from  site  to  site.  The  quantity  (A  phase)  plotted  is 
related  to  the  difference  between  observed  phase  and 
the  phase  predicted  on  the  basis  of  smooth  earth  theory 
with  0.005  mhos/meter  conductivity.  It  differs  from 
observed  less  predicted  phase  by  an  arbitrary  constant 
so  that  the  variation  in  A  phase  from  site  to  site  is  of 
significance  here.  Note  that  A  phase  varies  by  as 
much  as  3  ps  over  relatively  small  incremental 
distance.  Contrary  to  the  amplitude  results,  this 
variation  is  not  significantly  correlated  with  elevation. 

1'hese  data  indicate  that  without  proper  calibration 
the  phase  of  t lie  l.oran  signals  propagating  over  land 
can  differ  from  predicted  values  by  a  few  microseconds 
and  that  the  discrepancy  can  be  attributed  to  rough  and/ 
or  inhomogeneous  terrain.  The  discrepancies  can  be 
separated  into  those  attnhutible  to  long  range  propa¬ 
gation  effects,  and  those  ascrihable  to  local  effects. 

The  former  can  readily  be  corrected  'hrough  simple 
but  systematic  area  calibration.  The  latter  is  more 
difficult.  But  the  phase  and  amplitude  variations 
shown  in  the  last  two  figures  can  h<  viewed  from  the 
point  of  view  of  holography,  so  that  with  adequate  data 
tiie  wave -fronts  can  he  reconstructed  and  the  source  of 
scattering  located.  With  this  information  we  should  be 
able  to  predict  propagation  effects  much  more  accurate¬ 
ly  than  we  can  now,  and  hopefully  provide  time  via  l.oran 
with  microsecond,  or  submicrosccond,  accuracy. 
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Summary 

Geodetic  and  navigation  satellites  oper¬ 
ate  in  coordinate  and  time  systems  that  per¬ 
mit  accurate  dissemination  of  time  to  any 
number  of  ground  based  sites.  Time  Recovery 
from  these  satellites  requires  the  calibra¬ 
tion  of  the  satellite  time  scale,  the  cali¬ 
bration  of  the  passive  ground  based  receiver 
systems  and  the  calculation  of  the  propaga¬ 
tion  time  for  the  signals  to  travel  from 
the  satellite  to  the  rocc.vors.  This  paper 
will  discuss  technology  and  capability  lor 
time  synchronization  to  simultaneously 
observed  events,  and  for  precision  time 
dissemination  from  an  orbiting  clock  to 
any  passive  receiving  site  on  the  globe. 

Introduction 

The  use  of  radio  signals  to  disseminate 
time  dates  back  to  1905  when  the  Navy 
initiated  time  broadcasts  to  calibrate 
chronometers  in  ships.  Since  that  time, 
various  radio  links  have  been  provided 
from  terrestrial  stations  lor  both  mili¬ 
tary  and  civilian  services.  As  the  accuracy 
of  these  time  signals  available  at  the 
transmitting  stations  improved,  the  errors 
associated  with  the  propagation  medium 
became  the  dominate  error  for  paths  in 
excess  of  several  hundred  miles. 

The  advent  of  artificial  satellites 
with  active  transmitters  opened  new  tech¬ 
nology  to  reduce  propagation  errors,  by 
permitting  line-of-sight  propagation  on 
very  high  frequency  links.1  The  properties 
of  the  propagation  medium  using  the 
satellite- to-ground  radio  link  contribute 
less  than  1  microsecond  to  the  measured 
error.3  Other  error  sources,  such  as  un¬ 
certainties  in  the  signal  path  lengths, 
station  locations,  and  bandwidth/power 
relations  become  the  dominant  effects. 

In  this  paper,  I  will  discuss  how 
these  effects  arc  handled  and  how  stations 
beyond  simultaneous  line-of-sight  to  a 
single  satellite  can  bo  synchronized  in 
time  -  up  to  any  global  separation.3 

Syutem  Configuration 

The  systems  to  bo  considered  are  a 
family  of  low  altitude  satellites  which 
provide  one-way  time  dissemination  to 
passivo  receiving  stations  by  carrying 
precision  clocks.  Several  satellite 


programs  have  provided  this  type  of  time 
signals:  ANNA,  GEOS,  DODGE,  TIMATIGN,  AND 
TRANSIT.  Of  these,  all  are  in  the  category 
of  low  altitude  (<1000  n.  mi.  mean  alti¬ 
tude)  except  DODGE  which  is  slightly  below 
synchronous  altitudes.  Each  system  provides 
time  signals  from  the  precision  oscill.  for 
that  are  used  to  modulate  the  RF  carriers. 

The  geometry  of  this  system  is  shown 
in  Figure  1.  In  order  to  synchronize  times 
tj  ,  t2 ,  and  frequencies  f:  ,  f2  at  two 
ground  sites  via  signals  received  from  the 
spacecraft's  time  system  t3  ,  f3  ,  it  is 
essential  to  know  the  positions  of  Site  1, 
Site  2  and  the  spacecraft.  The  distances 
Site  »1- to-Sa telli to  <= 

\Tx,  -x3  )‘  +  (y,  -y3  )•'  +(z,  -z,  )3 
Site  =2-  to- Satellite 

v  (xr-x3)'  4(y,-y3)3+(z8-z7)r 
must  be  known  quantities  to  account  for  the 
propagation  time  from  the  spacecralt  to 
each  site.  In  the  case  of  fixed  sites  and 
geodetic  or  navigational  satellites,  these 
distances  arc  a  part  of  the  information 
available  from  either  the  survey  or  navi¬ 
gation  computations  performed  in  the  normal 
use  ol  the  satellite. 

Obviously,  a  specific  event  in  the 
satellite  that  can  be  observed  at  both 
^itc  1  and  Site  2  is  the  most  direct 
process  lor  synchron . <ing  sites  1  and  2. 

For  satellites  at  600  n.  mi.  altitudes 
above  the  earth,  this  mode  of  operation 
applies  for  sites  separated  by  less  than 
3500  n.  mi. 

At  greater  separations  of  ground  sites, 
the  satellite  is  not  simultaneously  visible 
and  therefore  events  observable  at  each 
site  must  be  related  to  cho  time  system 
carried  in  the  satelliti  ;  j  observed  by  a 
fixed  station  on  the  ground.  Relativistic 
shifts  of  the  time  base  in  Hie  spacecraft 
are  very  small  if  the  orbits  are  circular. 

The  computation  of  the  radio  path  length 
is  complicated  because  the  spacecralt  posi¬ 
tion  is  best  described  as  simple  Kepler 
motion  in  inertial  space  while  the  pos^'i'v.s 
of  the  receiving  sites  are  best  described 
m  earth-fixed  coordinates  rotating  in 
inertial  space.  Foi  tunatoly,  these  distance 
are  determined  in  the  navigation  and  geode¬ 
tic  survey  calculations  and  are  readily 
available  for  time  delay  corrections. 
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Epoch  Markers 

Each  satellite  time  system  provides  an 
unambiguous  event  every  few  minutes  to  re¬ 
solve  timing  ambiguities  associated  with 
the  high  frequency  modulations  needed  for 
precise  time  resolution.  For  example,  the 
TRANSIT  program  generates  a  coarse  time 
signal  every  2  minutes,  and  a  high  resolu¬ 
tion  time  signal  every  10  milliseconds.  The 
high  resolution  signal  is  a  phase  modula¬ 
tion  with  a  90%  rise  time  of  1  microsecond. 
All  time  signals  including  the  RF  carriers 
are  derived  from  the  same  stable  reference 
oscilla  tor. 

The  Transit  system  requires  a  self-con¬ 
sistent  time  and  frequency  but  there  are 
operational  advantages  to  relating  this 
time  system  to  other  global  timing  systems, 
namely,  UTC.  Fc~  the  functional  self- 
consistency  needs  of  the  present  doppler 
navigation  program,  the  time  must  bo  main¬ 
tained  to  better  than  2  milliseconds  through¬ 
out  the  system.  The  geodetic  work,  which 
supports  and  establishes  the  geodetic  re¬ 
ference  structure  to  the  navigation  system, 
can  justify  time  being  maintained  to  better 
than  200  microseconds. 

Now  that  you  understand  these  basic 
scientific  and  operational  program  require¬ 
ments,  I  want  to  show  you  the  timing  pro¬ 
vided  in  the  NAVSAT  Program. 

The  time  base  or  clock  rate  is  generated 
in  the  satellite  by  an  integer  division  of 
the  primary  oscillator  frequency.  Normali¬ 
zation  to  UTC  tine  is  accomplished  by  de¬ 
letion  of  10  microsecond  steps  in  the  clock 
rate  to  compensate  for  the  predicted  crystal 
oscillator  aging  determined  by  prior  measure¬ 
ments.  The  deletion  of  10  microsecond  steps 
is  controlled  from  the  ground  by  observing 
the  accumulation  of  clock  error  and  program¬ 
ming  a  pattern  of  10  microsecond  adjustments 
to  occur  throughout  the  day  to  steer  the 
clock  error  to  zero  This  pattern  is  de¬ 
termined  and  reset  once  per  day  in  each 
satellite. 

In  Figure  2  is  shown  the  epoch  error 
relative  to  UTC  as  measured  for  the  constel¬ 
lation  of  5  satellites  for  January,  February 
1971.  The  error  is  rarely  greater  than 
50  usee.  The  satellites  of  the  present 
design  could  bo  held  to  about  10  usee, 
error  by  changes  in  the  prediction  and 
control  procedures  used  to  operate  the 
system. 

Time  Transfer 

The  data  shown  in  Figure  3  indicates 
the  error  for  time  transfers  for  two 
widely  separated  passive  stations  using 
non-diroctional  antennas.  The  err»r  is 
made  up  of  ground  equipment  error,  satellite 
clock  error  in  107  minutes  and  computed 
propagation  delay  error.  Tho  calibration 
of  tho  satellite  time  scale  to  UTC  re¬ 
quires  (a)  the  measurement  of  signals  re¬ 
ceived  at  a  ground  station  whose  clocks 
are  in  stop  with  UTC,  and  (b)  computing 
or  measuring  the  propagation  time  required 


for  signals  to  travel  from  tho  satellite 
to  tho  point  in  the  instrumentation  where 
the  measurement  is  macie.  The  timing  signals 
are  transmitted  at  the  sa-jllitc  in  synchro¬ 
nism  with  UTC.  Every  user  must  determine 
the  propagation  time  from  the  satellite 
through  his  receiving  equipment.  The  cali¬ 
bration  ground  station  's  put  in  step  with 
UTC  by  Naval  Observatory  time  translers  for 
epoch  sotting  and  is  maintained  in  step  by 
monitoring  of  a  Naval  Observatory  controlled 
reference  radio  signal. 

In  order  to  time  synchronize  globally- 
remote  stations,  each  station  must  have  a 
clock  or  time  system  capable  of  holding 
below  an  allowable  error  over  the  interval 
between  opportunities  to  get  calibrated 
satellite  signals.  For  low-altitude,  polar 
satellites,  global  coverage  is  possible 
every  12  hours  from  a  single  satellite.  How¬ 
ever,  with  5  satellites  tho  typical  interval 
is  two  hours.  The  remote  site  can  reduce 
the  probable  time  synchronization  errors  by 
using  multiple  observations.  Tho  multiple 
observations  can  be  made  in  several  ways, 
for  example;  several  times  during  a  single 
pass  of  tho  satellite,  or  from  successive 
passes  from  various  satellites  or  from 
successive  passes  from  the  same  satellite 
but  using  a  long  span  of  time.  The  syste¬ 
matic  errors  and  biases  vary  with  each  of 
these  observational  methods. 

Table  I  is  a  list  of  factors  that 
must  bo  taken  into  account  in  effecting 
a  t.i.ae  transfer  from  one  terrestrial  station 
to  another  via  low  altitude  satellites.  Tho 
most  signilicant  factor  in  tho  satellite 
instrumentation  is  the  drill  in  the  reference 
oscillator  that  drives  the  satellite  clock¬ 
ing  system.  The  most  effort  required  for 
each  time  transfer  computation  is  the  deter¬ 
mination  of  tho  propagation  path  delay  that 
goes  with  each  epoch  measurement.  In  geo¬ 
detic  and  navigation  satellite  programs, 
these  computations  can  be  made  with  great 
precision.  The  most  significant  factor  in 
the  receiver  performance  is  calibration  of 
the  receiver  delays  and  minimization  of 
signal  jitter  due  to  noise. 

In  geodetic  and  navigation  satellite 
programs,  tho  transmitter  power  has  been  so 
low  that  narrow  band  phase-lcckcd  receivers 
have  been  required  to  obtain  reliable  signal 
reception.  This  factor  has  dictated  rela¬ 
tively  low  modulation  frequencies  and  con¬ 
sequently  limited  tho  epoch  resolution  in 
the  receiving  instrumentation. 

Time  Disseminating  Satellites 

Design  choices  that  were  made  in  some  of 
the  low  altitude  satellite  programs  shall 
now  be  identified. 

The  ANNA  satellite  was  part  of  a  pro¬ 
gram  to  evaluate  simultaneously  several 
navigation  techniques:  range  rate  doppler, 
microwave  transponder  ranging,  and  optical 
angle  tracking  on  a  star  background.  The 
ANNA  satellite  (1962-65)  marker  epochs 
were  coherent  with  the  RF  carriers  and  no 
attempt  was  made  to  synchronize  to  UTC. 
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Epoch  was  identified  by  phase  reversal  of 
the  square  wave  modulating  function  near 
the  end  of  the  timing  burst.  Figure  4 
shows  time  difference  data  taken  from  this 
satellite  using  high  gain  antennas.  The 
data  is  shown  without  and  with  correction 
for  slant  range.  The  corrected  data  shows 
a  measurement  resolution  of  about  100  micro¬ 
sec. 

Table  I 

Factors  to  be  Included  in  Satellite 
Time  Transfer  Analysis 

.1.  Satellite  Subsystem 

a)  Epoch  Marker  Generator 
♦Reference  Oscillator  Drift 

Frequency  and  Time  Translation 
Circuits 

Modulator  Time  Jitter 

b)  Transmitter  Time  Delay  Stability. 

2.  Radio  Path  and  Satellite- to-User  Geometry 
♦a)  Computation  of  Satellite  Position  vs. 

Time  in  Earth  Fixed  Coordinates. 

b)  Determination  of  Receiver  Position  vs. 
Time  in  Earth  Fixed  Coordinates. 

c)  Corr  ction  for  Ionospheric  Refraction 
of  the  Radio  Wave  Propagation  Path. 

d)  Correction  for  Tropospheric  Refraction 
of  the  Radio  Wave  Propagation  Path. 

3.  Terrestrial  Receiving  Subsystems 
*a"T Calibration  of  Receiver  Delays. 

b)  Jitter  in  Signal  from  Noise. 

c)  Resolution  Uncertainty  in  Epoch 
Decision  Logic. 

d)  Dynamic  Signal  Tracking  Bias. 

e)  Clock  Comparison  Circuit  Error. 

f)  Station  Clock  Drift. 

♦Most  significant. 

The  GEOS  satellite  (Figure  5)  was  part 
of  a  NASA-sponsored  geodetic  program  and 
still  provides  timing  signals  for  synchro¬ 
nization  of  remote  tracking  stations.  You 
can  see  the  same  types  of  systems  as  carried 
on  the  ANNA;  doppler,  microwave  transponder, 
flashing  lights  and  laser  reflectors.  Tim¬ 
ing  was  provided  by  phase  modulation  of  the 
carriers,  as  shown  in  Figure  6.  The  epoch 
is  recovered  by  detection  of  the  sudden 
phase  reversal  of  the  modulation. 

The  GEOS  time  system  has  a  time  normali¬ 
zation  with  a  capability  to  hold  1  minute 
epoch  markers  to  within  +  10  microseconds 
of  a  prescribed  system  reference.  Timing 
of  remote  stations  to  bettor  than  50  micro¬ 
seconds  of  UTC  has  been  achieved  with  this 
system. 

The  TIMATION  satellite  program  is  a 
Navy-sponsored  low  altitude  system  using 
ranging  for  navigation.  The  timing  perfor¬ 
mance  of  this  system  is  not  available  for 
dissemination  to  this  conference. 

The  NAVSAT  satellite  program  is  a 
Navy-sponsored  operational  navigation  system 
that  is  used  by  submarines  and  ships  in 
providing  all-weather  global  higli  accuracy 
navigation  fixes.  As  a  secondary  function 
each  satellite  transmits  timing  epochs  which 
are  normalized  in  scale  and  are  calibrated  to 
UTC  by  a  ground  support  network.  This  is  an 
operational  system  roadily  available  on  a 


global  basis  now  and  will  be  available  for 
some  considerable  time  into  the  future,  so 
I  shall  describe  in  more  detail  the  system 
characteristics  and  the  instrumentation  in¬ 
volved  in  time  transfer. 

Orbit 

The  satellites  are  in  circular  polar 
orbits  600  n.  miles  above  the  earth.  Nominal 
spacing  of  the  orbit  planes  of  45°  at  the 
equator  requires  4'  satellites  in  service. 
Precession  of  the  orbital  planes  with  time 
has  changed  this  nominal  spacing,  and  5 
satellites  have  been  put  into  service  to 
increase  the  availability  of  global  access 
for  navigation. 

Configuration 

Figure  7  shows  or.e  of  the  present  opera¬ 
tional  satellites.  It  is  much  smaller  than 
the  others  described,  and  can  be  launched  on 
one  of  the  smallest  launch  vehicles.  It 
weighs  about  112  pounds  deployed  in  orbit. 
Power  is  provided  by  solar  cells  and  re- 
chargable  storage  batteries.  Gi'avity  stabi¬ 
lization  permits  the  use  of  a  directional 
circularly  polarized  antenna. 

Block  Diagram 

Figure  8  is  a  block  diagram  of  the 
satellite.  An  oven  controlleo,  5th  overtone 
crystal  oscillator  drives  a  multiplier  chain 
to  provide  coherently  related  RF  carriers 
at  150  and  400  MHz.  The  same  source  is 
divided  down  to  provide  timing  signals  at 
oven  two  minute  marks. 

Orbital  Data 

The  RF  carriers  are  modulated  with 
digitally  encoded  data  describing  the 
orbital  path  of  the  satellite  as  a  function 
of  time.  This  data  is  provided  from  ground 
support  facilities  and  transmitted  to  the 
satellite  memory  storage  for  use  as  it  pro¬ 
ceeds  in  its  orbit.  The  same  ground  faci¬ 
lities  recover  the  satellite  transmitted 
signals  and  measure  the  doppler  shift,  the 
oscillator  frequency  and  satellite  epoch. 

This  data  is  used  to  predict  the  future 
orbital  path  of  the  satellite  and  to  program 
the  satellite  clock  epoch. 

The  predicted  orbital  path  is  strongly 
dependent  on  the  earth's  gravitational  field. 
Over  tno  last  10  years,  extensive  efforts 
have  been  made  to  measure  this  function  by 
observing  satellites  from  fixed  stations  well 
spaced  around  the  globe. 

One  of  the  important  tasks  related  to 
this  set  of  fixed  tracking  stations  is 
station  time  synchronization  to  a  common 
epoch. 

Tracking  Station  Timing 

Satellite  time  signals  havo  been  used 
to  measure  tho  epoch  variations  in  tho  net¬ 
work  station  clocks.  Tho  RMS  timing  residuals 
for  all  tho  stations  in  tho  network  for  Aprrl 
1970  aro  shown  in  Figure  9.  Only  two  of 
thoso  330  and  111  have  atomic  quality 
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reference  standards,  and  the  superb  perfor¬ 
mance  of  these  stations  is  clearly  seen. 

This  data  differs  from  the  early  histograms 
shown  because  the  station  clock  error  is  the 
dominant  effect  seen  here  and  all  satellite 
clock  drift  has  been  removed. 

Timing  Receiver 

The  operators  in  one  of  these  stations 
built  a  special  purpose  receiver  primarily 
for  recovering  time  signals  from  the  NAVSAT 
satellites  and  ignoring  the  usual  doppler 
data  needed  for  navigation.  This  instrument 
can  provide  the  raw  data  for  epoch  setting 
a  remote  station  clock,  but  must  have  propa¬ 
gation  path  lengths  provided  from  an  outside 
soui’ce.  Figure  10  identifies  the  engineering 
design  parametei’S.  Those  units  are  commer¬ 
cially  available  from  a  small  private  company. 

Orbiting  Oscillator  Stability 

The  stability  of  the'* oscillator  in  one 
of  the  orbiting  NAVSAT  satellites  is  shown 
in  Figure  11.  It  changed  frequency  by  about 
1  x  10"9  in  100  days  service.  The  long  term 
drift  rate  is  about  1  part  in  lO*1  per  day. 

The  short  term  (several  seconds)  stability 
is  also  about  1  part  in  loll. 

Incremental  Pnaso  Shifter 

A  program  has  been  authorized  to  develop 
another  series  of  satellites  to  follow  the 
present  NAVSAT.  One  of  the  items  planned  for 
this  series  is  an  improved  way  of  normalizing 
time  to  the  UTC  standard.  A  device  called  an 
incremental  phase  shifter  has  been  developed 
to  take  the  output  of  a  frequency  drifting 
oscillator  and  normalize  the  frequency  to  a 
prescribed  value.  The  frequency  transfer 
function  is  exactly  predictable  by  digital 
logic  circuitry  whoso  function  can  be  pro¬ 
grammed  by  ground  station  radio  commands.  The 
range  of  adjustment  will  cover  the  5  year 
aging  range  of  a  crystal  oscillator  and 
progresses  smoothly  over  the  entire  range  in 
8  x  10" stops. 

The  logical  block  diagram  of  the  device 
is  shown  in  Figure  12.  The  basic  principle 
employed  is  to  introduce  the  5  .MHz  signal  into 
a  delay  line  system  of  200  -  1  nanosecond 
steps,  and  take  the  octput  of  a  digitally  driv- 
on  commutator  switch  that  cyclically  scans  the 
dolay  lino.  The  number  of  parts  required  are 
reduced  by  building  tho  200  stops  from  two 
units — one  with  8  stops  of  25  nanoseconds 
each,  and  the  other  with  25  stops  of  1  nano¬ 
second  each.  In  this  way  31  switches  (25+8) 
does  the  job  of  200,  Tho  switch  arm  is 
advanced  to  each  position  at  a  rate  deter¬ 
mine'’  by  ground  command.  Tho  ground  command 
sets  tho  number  of  5  MHz  cycles  of  the 
satellite  oscillator  that  mu3t  bo  generated 
between  each  stop  advance  of  tho  switch. 

Dasod  on  tho  measured  saiollile  oscillator 
aging  rate,  a  predicted  rate  can  bo  program¬ 
med  for  correction  including  2nd  and  3rd  order 
rates  of  change. 

Future 

This  technology  opens  tho  way  for  pro¬ 


viding  nearly  atomic  reference  oscillator 
stability  to  orbiting  crystal  oscillators 
and  retaining  the  long  service  characteris¬ 
tic  of  crystal  oscillators 

When  the  day  comes  to  orbit  atomic 
standards,  this  device  provides  the  vernier 
frequency  adjustment  to  set  the  time  to  any 
convenient  system  rate  and  to  normalize  out 
the  differences  between  standards  of  the 
same  generic  design. 

For  the  immediate  future,  this  design 
makes  possible  time  transmissions  with 
better  than  1  nanosecond  epoch  settability. 
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FIGURE  9 
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Summary 

Tine  pulses  are  effectively  passed  from  one 
Defense  Communications  satellite  terminal  to  the  other 
as  specified  points  on  the  high-speed  pseudo-random 
codes  used  by  the  communloa cions  modems  at  the  sta¬ 
tions.  If  the  specified  points  of  the  codes  used  in 
both  directions  of  transmission  occur,  at  approximately 
Che  same  time,  propagation  time  between  terminals  is 
effectively  cancelled  In  a  relatively  simple  computa¬ 
tion  or  electronic  process  to  yield  the  time  differ¬ 
ence  between  clocks.  Interpolation  methods  have  been 
developed,  however,  to  permit  the  time  transfer  to  bo 
made  when  the  specified  points  are  not  contemporane¬ 
ous. 

A  modem  designed  specifically  for  time  transfer 
service  at  stations  not  equipped  with  suitable  modems 
has  been  developed  at  NRL.  This  time  transfer  modem 
employs  a  pseudo-random  code  which  operates  at  a  10 
MHz  bit  rate  and  cycles  once  each  810  microseconds. 
Ambiguities  are  jesolvcd  by  Inverting  the  phase  of  the 
code  for  one  code  cycle  at  prearranged  times,  such  as 
once  per  minute.  The  NRL  modem  has  been  used  experi¬ 
mentally  via  satellite  between  a  pair  of  Maryland 
stations.  Other  experimental  transfers  wore  made 
between  Maryland  and  Hawaii  using  the  contiun tea t ions 
modems  of  the  DCA  stations. 

The  experiments  have  produced  verified  accuracies 
in  the  order  of  0.1  microseconds.  It  i-i  telieved  that 
an  increase  in  accuracy  111  result  from  a  planned 
increase  in  resolution  of  the  measuring  equipment. 
Confirmation  of  this  increase,  however,  will  be  diffi¬ 
cult  because  alternate  precise  time  transfer  methods 
are  not  generally  available. 

Time  Transfer  Via  Satellite 

During  the  past  year,  communications  satellites 
have  been  successfully  employed  by  the  Naval  Research 
Laboratory  (NRL)  for  precise  long-distance  clock 
comparisons  (or  time  transfers).  It  has  been  demon¬ 
strated  by  these  experiments  that  Defense  Satellite 
Communications  System  (DSCS)  contains  the  potential 
for  making  the  accurate  Naval  Observatory  time  refer¬ 
ence  economically  available  to  many  vital  areas  of  the 
world  and  can  substantially  reduce  the  expensive 
transportation  of  calibrated  atomic  clocks  to  distant 
locations. 

Under  sponsorship  of  the  Naval  Electronics 
Systems  Command  and  with  the  cooperation  of  the 
Observatory  and  the  Defense  Communications  Agency 
(DCA),  techniques  have  been  produced  for  using  certain 
DSCS  links  in  a  noninterfering  manner,  and  time  trans¬ 
fers  have  been  made”  on  an  experimental  basis.  Use  of 
DCA  facilities  on  an  operational  basis  is  currently 
being  implemented. 


The  planned  time-distribution  system  will  place 
Observatory-controlled,  precise  reference  clocks  at 
satellite  communications  (SATCOM)  terminals  in  key 
areas  (.see  Figure  1).  Further  distribution  will  be 
accomplished  by  short-range  techniques, 

A  clock  maintained  at  a  SATCOM  location  near  the 
Observatory  will  be  disciplined  by  the  Observatory 
standard  through  comparisons  over  a  direct  microwave 
link  or  by  carrying  clocks  regularly  from  the  Observa¬ 
tory  to  the  terminal.  The  clock  maintained  at  the 
distant  SATCOM  facility  will  be  updated  periodically 
by  comparisons  through  the  DSCS  satellite.  Since  the 
clocks  at  the  two  terminals  are  held  to  a  nearly 
constant  rate  by  atomic  frequency  standards,  they  need 
not  be  compared  continuously,  but  time  transfers  may 
be  made  dally,  weekly,  or  monthly,  depending  upon  the 
stability  of  the  clocks,  the  availability  of  the 
satellite  link,  and  the  required  time  accuracy. 

Use  of  the  satellite  system,  however,  is  not 
unidirectionally  beneficial.  The  time -reference 
equipment  may  be  used  to  considerable  advantage  by  the 
SATCOM  terminals  in  their  synchronization  procedures. 

Basically,  the  time-transfer  system  is  not 
required  to  insert  signals  or  disturb  the  operation  of 
station  equipment  if.  the  terminals  are  equipped  with 
AN/URC-55  communications  mouems.  The  synchronizing 
signals  shown  being  injected  into  the  modems  (sec 
Figure  1)  are  used  only  to  aid  in  modem  synchroniza¬ 
tion  and  are  not  reouired  for  the  time  transfer.  All 
sign- Is  required  by  the  time-transfer  unit  are  avail¬ 
able  at  test  points  on  the  modem. 

The  basis  of  the  time  comparisons  is  the  trans¬ 
mission  and  reception  of  well-defined  signals  that  may 
bo  recognized  at  the  transmitter  and  receiver.  These 
signals  arc  available  as  recognizable  points  in  the 
high-speed  pseudo-random  code  streams  generated  by  the 
AN/URC-55  communications  modems  used  at  a  number  of  the 
SATCOM  stations.  In  order  to  avoid  Interference  in 
the  Internal  processes  of  the  modems,  no  effort  is  made 
to  control  the  code  stream.  The  transmitted  signal  as 
generated  by  the  modem  is  therefore  compared  with  the 
local  clock  instead  of  being  controlled  by  it. 

The  transmitter  section  of  each  modem  generates 
a  code  stream  (see  Figure  3)  and  a  code  generator  in 
the  receiver  section  of  the  modem  at  the  other  station 
matches  the  stream  as  received.  It  is  possible,  then, 
to  extract  from  each  modem  certain  recognizable  code 
generator  states,  or  "ticks"  (designated  "all-one's" 
in  the  diagram),  that  can  be  treated  as  though  they 
were  very  short  pulses  transmitted  by  one  modem  and 
received  by  the  other.  The  tick  at  the  receiver  is 
delayed,  of  course,  by  the  amount  of  time  it  takes  the 
signal  of  the  transmitting  station  to  travel  up  to  the 
satellite  and  down  to  the  receiver  at  t1  cher 
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station.  In  addition  to  the  transmit  tick  and  receive 
tick,  each  modem  provides  a  "monitor"  tick  that 
corresponds  to  the  reception  of  its  own  transmit  tick 
after  a  round  trip  to  the  satellite  and  back. 

Time-Transfer  Techniques 

Two  methods  of  time  transfer  have  been  used.  In 
the  method  shown  in  Figure  4,  each  station  measures 
the  time  (tp  or  T2)  required  for  a  round-trip  to  the 
satellite  and  return.  (Time  interval  measurements  are 
shewn  as  doubled  line  segments  in  the  timing  diagram.) 
At  the  same  time,  station  l  compares  its  transmit  tick 
with  its  own  clock  to  obtain  the  time  interval  measure¬ 
ment  t^,  and  station  2  compares  the  corresponding 
receive  tick  with  its  own  clock  to  obtain  the  measure¬ 
ment  tj.  By  using  half  the  sum  of  the  two  double 
range  measurements  yp»  t*ie  time  flight  from 

station  1  to  station  2  is  determined  and,  in  effect, 
is  then  added  os  a  correction  to  the  receive  tick  at 
station  2.  The  difference  between  the  transmit 
reading  at  station  1  and  the  corrected  receive  read¬ 
ing  at  station  2  is  the  difference  gC  between  the 
station  1  and  station  2  clocks.  After  the  pair  of 
time-interval  measurements,  tj  and  y^  recorded  at 
station  1  or  the  interval  measurements  tj  and  Y2 
recorded  at  staclon  2,  are  communicated  to  the 
opposite  station,  the  clock  difference  ffi  may  be 
determined  by  the  formula  shown  at  the  bottom  of  the 
f  Igure . 

In  the  second  time-transfer  method  (see  Figure 
5),  each  station  measures  its  own  transmit  tick  with 
respect  to  its  clock  and  also  measures  the  tick 
received  from  the  other  station  with  respect  to  the 
same  clock.  (The  transmit  measurements  are  desig¬ 
nated  by  the  doubled  line  segments  l  and  III,  while 
the  receive  measurements  are  designated  11  and  IV. 

The  time  interval  measurements  made  at  station  1  are 
I  and  II,  while  the  measurements  made  at  station  2  are 
III  and  IV.)  If  the  sum  of  measurements  at  one  station 
is  subtracted  from  the  sum  of  the  measurements  taken 
at  the  other  station,  the  result  is  twice  the  dlffet- 
enco  between  the  two  clocks.  For  this  method, 
identical  equipment  and  procedure,,  arc  employed  at 
the  two  stations.  Range  measurements,  per  3e,  arc 
not  made,  since  the  total  range  fiom  ouc  station  to 
the  other  is  Involved  In  each  station's  measurements 
which  are  subtracted  to  obtain  the  clock  difference, 

C2  -  Cj  given  by  the  formula  just  above  the  timing 
diagram. 

Time  Transfer  Unit: 

A  time-transfer  unit  (see  Figure  6)  has  been 
designed  as  an  interface  to  operate  automatically  in 
the  latter  method  and  yield  a  single  reading  at  each 
station.  The  differ 10.ee  between  clocks  Is  simply  the 
difference  between  the.  numbers  produced  at  the  two 
stations. 

With  either  time-transfer  method,  however,  it  Is 
necessary  to  transmit  data  from  one  station  to  the 
other  in  order  to  make  the  clock-dlffarence  determina¬ 
tion.  This  Is  normally  done  through  the  order  wire 
between  stations. 

The  two  methods  are  valid,  In  general,  only  if 
the  transmitted  ticks  from  both  stations  arrive  ut  the 
satellite  at  nearly  the  same  time.  This  is  ensured  if 
the  modems  of  the  two  stations  have  cade  a  tick  .start, 
an  cosily  accomplished  procedure  when  accurate  local 
clocks  are  available.  Although  provisions  have  been 
made  In  the  time-transfer  unit  for  making  tick  starts 
with  tho  accurate  clocks  of  the  tlme-trsnofer  system, 
under  some  circumstances,  such  a  start  might  net 


bo  used.  In  this  case,  the  ticks  of  the  two  stations 
might  pass  through  the  satellite  at  widely  separated 
times  and  the  motion  of  tho  satellite  between  the  two 
passages  could  produce  an  unacceptable  error  in  the 
time  transfer. 

To  compensate  for  this  error,  the  range  measure¬ 
ments  may  be  interpolated  in  the  first  method.  For 
the  second  method,  an  interpolation  procedure  has  olso 
been  worked  out.  Although  it  is  inconvenient  to  use 
the  interpolation  procedures,  they  apparently  add 
little  to  the  Inaccuracies  of  the  time  transfer. 

Experimental  Results 

In  February  1970,  the  initial  tine-transfer  tests 
were  run  between  the  SATCOH  stations  at  Brandywine, 
Maryland,  and  Ft.  Dix,  New  Jersey,  to  prove  the  feasi¬ 
bility  of  using  the  pseudo-rardom  code  stream.  Further 
tests  were  later  rur.  between  Brandywine  and  the  SATCOri 
facility  at  Helem.ano,  Hawaii.  Figure  7  shows  a  quite 
consistent  grouping  of  results  for  that  test.  (The 
single  reading  approximately  0.7  ^soc  away  from  the 
mean  could  have  resulted  from  a  misread  counter.) 

Much  of  tho  spread  (approximately  0.3  ysec)  may  be 
attributed  to  lack  of  resolution  in  the  measuring 
equipment,  since  the  least  significant  digit  of  each 
counter  was  0.1  ^scc.  Somewhat  better  results  were 
obtained  on  a  smaller  sample  later  during  the  same 
test  period. 

In  a  still  later  series  of  tests  a  small  sample 
of  measurements  yielded  a  standard  deviation  of  less 
than  0.1  nsec.  A  group  of  measurements  made  by 
interpolation  disagreed  with  the  group  made  with 
synchronized  modems  by  leas  thnn  0.1  usec  ,  During  the 
some  period,  a  time  transfer  made  by  physically 
transporting  a  clock  to  Hawaii  and  back  to  Maryland 
disagreed  with  the  satellite  time  transfer  by  approxi¬ 
mately  0.3  usec.  The  clock  transport,  however,  was 
not  Ideal  because  of  a  relatively  large  rate  offset  in 
the  portable  cloth  and  gome  delay  in  making  the 
comparison  aflei  its  return  to  Maryland.  In  spite 
of  these  shortcomings,  it  appears  that  satellite  time 
tran.-fcis  may  be  relied  on  for  an  accuracy  of  0.5  usec 
or  better.  Future  tests  are  expected  to  yield  a  more 
accurate  picture  of  its  performance.  The  measuring 
equipment  is  currently  being  updated  to  a  resolution 
of  10  ns  for  these  tosts. 

Differential  time  delays  between  transmitting  and 
receiving  terminal  equipment  produce  small  fixed  time 
offsets.  Since,  the  individual  contributions  of  Che 
various  station  components  ere  small  and  are  compli¬ 
cated  b>  frequency  conversions,  it  may  be  difficult  to 
analyze  them  individually.  Instead,  it  will  probably 
be  necessary  to  moke  overall  station  comparisons  to 
determine  the  absolute  accuracy  of  the  satellite  time 
transfers.  It  is  expected  that  the  effects  of  the 
differential  delays  will  prove  to  be  less  than  0.1 
usec. 

Time -Transfer  Modem 

A  modem  intended  specifically  for  tine  transfers 
between  terminals  not  equipped  with  cornrnmicat ions 
mddems  has  been  designed  and  constructed.  This  modem 
employs  a  pseudo-random  code  that  operates  at  a  10-Mlfz 
Sit  rate  and  has  a  complete  code  cycle  length  of  819 
,,secx  as  shown  in  Figaro  8.  Since  the  recognizable 
cll-one'a  events  recur  once  each  819  (isecs  other  in¬ 
formation  must  bn  transmitted  by  the  modem  to  identify 
which  alt-one's  event  Is  tho  intended  time  tick.  As 
seen,  the  transmitter  responds  to  an  initiating  pulse 
by  reversing  the  phosc  of  the  code  throughout  the  next 
code  cycle.  The  cll-ono's  event  that  terminates  that 
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cycle  is  the  designated  tick.  At  the  receiver,  the 
all-one's  event  that  occurs  at  the  end  of  the  phase 
reversal  is  similarly  recognized  as  the  tick. 

Time  transfers  are  made  by  initiating  time  ticks 
at  prearranged  times,  such  as  the  beginning  of  each 
minute.  The  transmitted  and  received  ticks  produced 
by  the  time-transfer  modem  at  each  station  are  pro¬ 
vided  to  the  time-transfer  unit,  which  performs  Che 
necessary  time-interval  measurements. 

Because  of  the  comparatively  low  relative  veloci¬ 
ty  of  DSCS  satellites,  it  is  not  necessary  for  the 
signals  of  both  stations  to  reach  the  satellite  at 
precisely  the  same  time.  In  fact,  a  1-second 
difference  in  arrival  time  produces  a  time-transfer 
error  in  the  order  of  only  0.1  psec.  Therefore,  the 
only  requirement  for  control  of  the  transmissions  is 
that  they  be  launched  within  a  fraction  of  a  second 
of  each  other.  When  the  time-transfer  modem  is  used, 
this  requirement  is  satisfied  if  the  clocks  at  the  two 
stations  agree  within  a  fraction  of  a  second  because 
the  designated  tick  occurs  less  than  2  milliseconds 
after  the  initr-tlng  pulse. 

A  simplified  diagram  illustrating  the  transmission 
and  reception  processes  of  Che  time-transfer  modem  is 
shown  in  Figure  9.  The  lower  section  is  the  trans¬ 
mitter,  which  produces  a  pseudo-random  bi-phase  modu¬ 
lated  70-MHz  signal.  The  code  stream  polarity  (hence 
the  polarity  of  the  modulated  output  signal)  is  re¬ 
versed  for  one  code  interval  after  the  coronand  pulse 
is  received.  The  polarity  inversion  sequence  circuit 
also  produces  the  gated  all-onc's  pulse  that  consti¬ 
tutes  the  trnnsmlt-timc  tick.  Station  frequency 
converters  translate  the  70-MHz  signal  to  X-band  for 
transmission  to  the  satellite. 

The  X-band  signal  relayed  by  the  satellite  is 
converted  down  to  70  MHz  for  the  modem's  receiver 
section  shown  in  the  upper  portion  of  the  diagram. 

It  is  prevented  from  receiving  Che  time  tick  of  its 
own  transmitter  by  transmitting  a  different  code  from 
each  station.  The  receiver  at  station  1,  for  example, 
uses  the  station  2  transmitter  code  and,  therefore, 
ignores  the  station  l  transmitter. 

Range  measurements  may  be  made  by  using  a  common 
transmit  and  receive  code  at  one  station.  The  receiv¬ 
er  then  responds  to  the  local  transmitted  signal  after 
its  round  trip  to  the  satellite.  The  time  interval 
from  Che  transmit  tick  to  Che  receive  tick  then 
corresponds  to  the  double-range  propagation  time. 

In  Che  receiver,  the  local  conversion  oscillator 
is  bi-phase  modulated  with  the  same  code  that  modu¬ 
lated  the  received  signal,  after  the  two  codes 
have  been  aligned  by  a  searching  process,  the  high¬ 
speed  phase  inversions  of  the  received  signal  are 
accompanied  by  corresponding  phase  inversions  of 
the  local  oscillator.  The  intermediate-frequency 
output  of  the  modulator,  therefore,  is  a  constant- 
phase  signal  except  for  the  occasional  phase- inverted 
code  cycle  that  precedes  a  time  tick. 

Any  misalignment  of  the  code  modulation  of  the 
received  signal  and  the  local  oscillator  results  in  on 
amplitude  change  at  Che  intermediate  frequency.  By 
controlling  the  rate  of  the  receiver  code  generator  to 
maintain  peak  intermediate-frequency  amplitude,  the 
receiver  code  generator's  al.l-l's  pulses  may  be  con¬ 
sidered  to  represent  accuratt ly  the  all-i's  pulses  of 
the  received  signal. 

When  the  phase  of  the  received  signal  '.s  inverted 
for  a  whole  code  cycle  t;  designate  the  time  tick,  the 


phase-reversal  detector  of  the  receiver  detects  the 
change,  and  its  filtered  output  gates  the  designated 
all-one's  pulse  from  the  code  generator  to  represent 
the  received  tick.  The  phase-reversal  detector 
consists  of  a  slew-acting  locked  oscillator  and  phase 
detector  to  compare  the  interned iate-frequency  signal 
with  the  oscillator. 

The  time-transfer  modem  (Figure  10)  has  been 
operated  in  the  presence  of  interfering  pseudo-random 
or  frequency-modulated  signals  20  db  stronger  than  the 
desired  signal.  Range  measurements  were  made  at 
Hclemano,  Hawaii,  under  normal  communications  condi¬ 
tions  with  the  modem  power  reduced  approximately  15 
to  20  db  below  the  station  communications  channel 
power.  It  is  possible,  therefore,  to  use  the  modem 
in  many  cases  without  serious  interference  to  normal 
communications. 

Results  of  Time-Transfer  Modem  Experiments 

Time  transfers  have  been  made  between  the  small 
Brandywine  TSC-5A  transportable  terminal  and  the 
Waldorf,  Maryland,  NRL  satellite  coranun lea t ions 
facility  using  the  time  transfer  modem  (see  Figure 
1  .).  Although  the  distance  between  sites  is  an  un¬ 
impressive  10  miles,  the  test  was  useful  bcch  to  check 
out  the  modem  and  to  evaluate  the  accuracy  of  time 
transfers  in  general. 

The  total  propagation  instances  actually  involved 
were  as  large  as  those  for  more  widely  separated 
terminals,  and  satellite  motion  and  other  factors  were 
believed  to  be  typical.  The  advantage  of  using  near¬ 
by  terminals  is  that  the  accuracy  of  the  time  transfer 
can  be  checked  reliably. 

Aftev  the  time  transfer  was  completed,  the  track 
containing  the  Brandywine  clock  was  driven  to  Waldorf 
and  the  clocks  were  compared  directly.  Figure  12  shows 
the  result  of  the  satellite  comparisons.  The  spread 
is  typical  of  transfers  made  at  other  locations. 

The  direct  comparison  made  at  Waldorf  indicated 
a  clock  difference  of  C.6  yscc.  This  would  indicate 
a  0.15  psec  discrepancy  with  respect  to  the  average 
of  the  satellite  transfer  readings.  However,  the 
disagreement  may  actually  be  less  than  that.  The  0.6 
usec  figure  was  based  on  a  single  reading,  but  a  scries 
of  clock  comparisons  made  after  returning  both  clocks 
to  the  Laboratc.  /  about  one  hour  later,  indicated 
that  the  clocks  wore  more  nearly  0.7  psec  apart  and 
that  the  discrepancy  might  have  been  less  than  0.1  ps. 

It  can  be  readily  concluded  that  the  accuracy  of 
satellite  time  transfer  is  within  the  ability  of  our 
present  equipment  to  discern.  An  improvement  in  reso¬ 
lution  obtained  by  using  a  higher  counting  rate  in  the 
time-transfer  unit  is  expected  to  yield  greater 
accuracy.  But  it  will  be  most  difficult  to  prove 
because  equal  or  better  methods  are  not  available. 

Immediate  Applications  of  Technique 

With  equipment  already  developed  it  ir  practicable 
to  provide  Observatory  time  to  within  a  small  fraction 
of  a  microsecond  to  a  number  of  strategically  situated 
areas.  (Figure  13). 

An  operational  time-transfer  link  was  established 
on  February  15  botwwen  Brandywine,  Md.  and  Helemano, 
Hawaii.  A  second  link  was  completed  between  Hawaii 
and  Guam  shortly  afterwards.  This  link  is  regularly 
activated  by  "blind"  modem  starts  at  precisely  pre¬ 
arranged  times  while  the  Hawaii  station  maintains 
normal  communications  with  another  station. 
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A  station  at  Camp  Roberta,  California  now  makes 
regular  blind-start  time  transfers  with  the  Brandy¬ 
wine  terminal  while  the  latter  is  In  consmmica',ion 
with  Hawaii.  Within  a  few  weeks  another  operational 
time  transfer  link  will  bo  established  between  Ft. 
Dix,  N.  J.  and  Laudstuhl,  Germany.  Ft.  Dlx  will  be 
referenced  back  to  the  Observatory  by  way  of  blind- 
start  comparisons  with  Brandywine. 

These  trunk-lines  will  soon  be  augmented  by  other 
links  using  existing  communications  modems  where  they 
are  available  and  the  time  transfer  modem  where  they 
are  not. 
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LONG  TERM  ACCURACY  OF  TIME  COMPARISONS  VIA  TV  RADIO  RELAY  SYSTEMS 


By 


S.  Leschiutta 

Instituto  Elcttrotecnico  Nazionale 


This  paper  deals  with  the  time  comparison  method 
that  is  based  on  TV  synchronization  pulses.  Tills 
method  was  proposed  by  J.  Tolman  et  al.  and  was 
successfully  tested  in  Czechoslovakia.  In  more 
recent  years  experiments  of  a  larger  extent  were 
performed  in  Europe  and  in  the  U.S.  Furthermore, 
such  a  method  is  a  routine  operation  for  standard 
time  laboratories  that  compare  their  time  scales. 
The  time  comparison  is  between  the  read  of  counters 
that  are  located  near  different  clocks,  Each 
counter  is  started  by  the  "second"  of  the.  local 
clock  but  is  stopped  by  the  same  field  synchro¬ 
nizing  pulse  of  a  TV  transmission,  as  it  is 
received  at  the  clock  location. 


For  long  term  timekeeping,  the  instability  of 
the  delay  along  the  radio  links  is  obviously 
a  major  source  of  errors.  In  1969  a  research 
on  this  subject  was  initiated  in  Italy.  It  is 
still  in  progress.  Some  of  its  preliminary 
results  are  given  hero. 

Once  a  week  two  Laboratories,  the  Instltuto 
Elcttrotecnico  Nazionalc  (IEN)  in  Turin  and 
the  Instltuto  Supcrlorc  e  Tclccomunlcazionl 
(1SPT)  in  Rome,  are  comparing  their  standard 
clocks.  They  use  TV  signals  transmitted  via 
a  microwave  link,  that  has  a  length  of  about 
742  km,  with  8  relay  stations. 


PRECISION  AND  ACCURACY  OF  REMOTE  SYNCHRONIZATION 
VIA  PORTABLE  CLOCKS,  LORAN  C,  AND  NETWORK  TELEVISION  BROADCASTS* 


David  W.  Allan,  B.  E.  Blair,  D.  D.  Davis,  and  H.  E.  Maehlan 

Time  and  Frequency  Division 
National  Bureau  of  Standards 
Boulder,  Colorado  80302 


Summary 

A  comparison  among  three  precise  timing  centers 
in  the  United  States  has  been  conducted  for  more  than 
one  year  using  three  different  synchronization  methods. 
The  timing  centers  involved  were  the  United  States 
Naval  Observatory  (USNO)  in  Washington,  D.  C.  , 

Newark  Air  Force  Station  (NAFS)  in  Newark,  Ohio,  and 
the  National  Bureau  of  Standards  (NBS)  in  Boulder, 
Colorado.  The  three  methods  were  cesium  beam  porta¬ 
ble  clocks;  Loran-C  transmissions  from  Cape  Fear, 
North  Carolina,  and  Dana,  Indiana;  and  ABC,  CBS,  and 
NBC  network  television  broadcasts  common  to  the 
three  timing  centers. 

Cesium  beam  portable  clocks  have  the  capability 
of  accurately  and  precisely  synchronizing  remote  clocks 
to  within  0.  1  ps.  This  portable  clock  method,  which 
appears  to  be  one  of  the  most  accurate  currently  avail¬ 
able,  is  used  for  comparison  purposes. 

The  Loran-C  data  involved  a  3500  km  '(2180  miles) 
ground  wave  path- -the  longest  Loran-C  ground  wave 
path  that  has  been  studied  with  the  precision  and  accu¬ 
racy  reported  herein.  The  long-term  precision  achieved 
via  Loran-C  between  the  three  remote  precise  timing 
centers  was  better  than  2  (is.  The  accuracy  is  limited 
by  the  10  jis  ambiguity  involved  in  identifying  the  proper 
cycle  of  the  100-kHz  pulse  train. 

The  precision  of  maintaining  remote  clock 
synchronization  using  network  television  broadcasts 
was  measured  to  be  [30  ns  day'*' T  '  ^  over  the 
range  of  T  from  7  days  to  about  200  days,  but  with 
definite  accuracy  limitations  caused  by  such  factors  as 
occasional  network  re-routing  of  the  television  signals. 

An  upper  limit  of  the  long-term  frequency  stabilities 
among  the  references  used  at  the  three  timing  centers 
were  measured  or  inferred.  Typically  the  reference  at 
each  center  was  composed  of  an  ensemble  of  cesium 
beam  frequency  standards.  The  relative  stabilities 
measured  for  sample  times  of  the  order  of  three  months 
were  a  few  parts  in  1014. 

Key  Words;  Cesium  beam  standards,  Frequency 
standards,  Loran-C,  Portable  clocks,  Time  synchro¬ 
nization,  TV  timing, 


^Contribution  of  the  National  Bureau  of  Standards,  not 
subject  to  copyright. 


Introduction 

Time  and  frequency  dissemination  via  television 
has  received  much  attention  during  the  past  four  years. 
Even  though  some  very  impressive  results  have  already 
been  obtained  using  television,  *  it  seems  still  to  be  a 
pioneer  field.  In  this  paper  we  compare  television  with 
two  other  state-of-the-art  methods  of  time  and  frequency 
dissemination--Loran-C  and  portable  clocks--and 
evaluate  some  precision  and  accuracy  capabilities  of 
each. 

The  television  method  is  readily  available,  very 
inexpensive,  and  within  the  majority  of  the  continental 
United  States  it  is  a  common  source  for  many  users. 
Loran-C,  being  well  established  and  well  known  for  its 
precision  and  accuracy,7’®  has  been  chosen  to  compare 
with  the  television  system.  Portable  clocks  are  used 
as  a  reference  because  of  their  precision  and  accuracy 
for  remote  synchronization- -one  of  the  best  techniques 
yet  available.  ^  The  pSjctablc  clocks  referred  to  in  this 
paper  are  principally  tjjose  of  the  United  States  Naval 
Observatory  (USNO).  We  will  exclude  many  other 
interesting  areas  such  as  VLF  and  satellite,  as  these 
have  already  been  covered  in  some  detail.  *®'*2 

There  are  three  fundamental  aspects  of  time  which 
can  be  disseminated  via  these  methods.  The  first  is 
time  interval  which  can  be  related  to  frequency- -fre¬ 
quency  being  the  inverse  period  of  an  oscillation.  The 
second  aspect  is  that  of  date  or  clock  reading  which  has 
often  been  called  epoch.  We  prefer  the  use  of  the  word 
date  because  epoch  has  alternate  meanings  that  could 
lead  to  confusion.  Often  we  have  a  master  clock,  and 
we  wish  to  communicate  its  date  or  time  by  some  tech¬ 
nique  to  a  slave  station  located  elsewhere.  The  third 
aspect  is  simultaneity- -the  practical  application  of 
which  is  clock  synchronization,  i.  e. ,  two  clocks  have 
the  same  reading  in  some  frame  of  reference. 

In  principle,  if  we  had  perfect  clocks,  we  could 
synchronise  them  once  and  they  would  remain  synchro¬ 
nized  forever.  There  are  two  basic  reasons  in  practice 
why  the  synchronization  does  not  persist.  First  of  all, 
systematic  problems  such  as  frequency  drift,  frequency 
offset,  and  environmental  effects  on  equipment  often 
cause  time  dispersion.  These  must  be  analyzed  and 
solved  at  each  particular  location.  Secondly,  there  are 
different  kinds  of  noise,  or  what  wc  might  call  non- 
deterministic  kinds  of  processes,  that  affect  these  time 
and  frequency  centers  or  communication  systems. 

These  processes  are  perhaps  a  little  better  classified 
and  more  universally  present  than  some  systematic 
effects.  We  will  discuss  and  apply  some  useful  statis¬ 
tical  measures  for  the  time  and  frequency  dlspero'on  of 
the  dissemination  systems  in  question. 
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Most  of  the  data  analyzed  in  this  paper  were  taken 
by  other  people,  and  we  wish  to  acknowledge  the  fine 
work  and  careful  data  taking  and  reporting  of  the  person¬ 
nel  at  the  Bureau  International  de  l'Hcure  (BIH),  the 
Neuchatel  Observatory  (ON),  the  U.  S.  Naval  Observa¬ 
tory  (USNO),  and  the  Newark  Air  Force  Station  (NAFS), 
as  well  as  of  the  personnel  in  addition  to  the  authors  at 
the  National  Bureau  of  Standards  (NBS). 

Methods  of  Analysis 

It  is  often  the  case  that  data  arc  taken  at  a  constant 
repetition  rate  with  a  period  of  sampling,  T;  and  each 
data  point  is  an  average  over  a  time  r  called  the  sample 
time.  Let  the  total  number  of  data  points  taken  in  a 
continual  data  set  be  M.  Further,  for  every  measure¬ 
ment  system  there  is  a  high  frequency  cut-off  usually 
called  the  measurement  system  bandwidth,  f  ,  such 
that  noise  at  frequencies  greater  than  f^  willoe  attenu¬ 
ated  and  non-relevant.  In  the  past  it  has  been  common 
practice  to  compute  the  standard  deviation  as  a  statis¬ 
tical  measure  of  such  a  data  set: 

|  1  f  M  _  2*1  ? 1  ^ 2 

°std.dev.  ‘  |  M  -  1  Jj  ■  (1) 

where  z.  denotes  the  i11’  data  point  and  z  denotes  the 
average  of  all  M  of  the  z..  For  most  of  the  noise  proc¬ 
esses  that  are  pertinent  in  time  and  frequency,  it  has 
been  shown  that  astd  <jev  depends  upon  M,  T,  T  and 
fjy  and  all  of  these  parameters  should  be  noted 

for  each  experiment.  We  have  found  it  convenient  to 
use  the  Allan  variance:1^"15 


oZ  ;  <a2(N,  T,  r,  fn))  , 


(2) 


where  the  angle  brackets  denote  the  expectation  value. 

If  N  =  M,  then  eq  (2)  is  exactly  the  expectation  value  of 
the  squared  standard  deviation. 

For  many  pertinent  noise  processes,  we  have  found 
that  a  power  law  spectral  density  is  a  good  model,  i.  e  , 


sy(f)  =  /\f",  (*) 


where  f  is  the  Fourier  frequency  and  is  the  intensity 
of  the  noise  process.  Throughout  ihis  paper  y  denotes 
the  fractional  frequency  deviations,  x  denotes  the  time 
deviations,  and  so  y  is  proportional  to  the  derivative  of 
x.  Further,  it  has  been  shown  that  if  N,  f^,  and  the 
ratio  r  =  T/r  are  held  constant,  then  o*  is  equal  to 
ar*1  with  y 


—  3  <  oe  ■*  1 


a  >  1 


(4) 


and  with  |r  f_  |  la'  H  »  1.  For  a  more  detailed 

explanation  oT  the  N,  T,  and  T  dependence,  the  relation¬ 
ship  between  p  and  «,  and  the  relationship  between  the 
frequency  domain  and  time  domain  coefficients,  A  and 
a,  see  Refs.  14  and  15. 


A  very  useful  time  domain  measure  of  frequency 
stability,  which  has  been  recommended  by  the  IEEE 
subcommittee  on  frequency  stability,  *4  ;3  defined  as 
follows: 


ory(T)E  <aZ(N=  2,  T  =  r,  T,  fB)>,/2. 


(5) 


This  measure  has  some  very  convenient  experimental 
and  theoretical  characteristics.  For  example,  with  M 
values  of  an  estimate  of  o  (T)  is: 


Oy(T) 


-  ,  M-l 


1/2 


(6) 


where 


(?) 


and  the  interval  between  each  discrete  time  measure¬ 
ment  x.  is  T.  Also  onee  a  (r)  has  been  calculated,  the 
time  dispersion  may  be  estimated  by  simply  calculating 
the  product  a  (r)  a  r  ■  a  (t).*4  This  estimate  is  good 
for  white  nois*  FM  but  i^  approximately  a  factor  of  1,  3 
too  optimistic  for  flicker  noise  FM  and  is  approximately 
a  factor  of  1,  7  too  pessimistic  for  flicker  noise  PM  with 
respect  to  an  optimum  prediction  routine. 

An  operational  measure  of  time  dispersion  is 
(o2(2,  T,  t,  fg)).  This  has  the  nice  physical  interpre¬ 
tation  that  it  is  a  measure  of  the  time  dispersion  at  a 
time  T  after  synchronization.  The  sample  time  T  in 
this  case  is  usually  constrained  by  the  measurement 
system  to  be  1/(217  f^),  and  this  measure  has  a  smaller 
range  of  convergence,  i.  e.  ,  a  >  -1  unless  properly 
normalized  (sec  bias  function  in  Ref.  15) 

The  above  statistical  measures  will  be  used  to 
calculate  the  precision  for  the  data  used  in  this  paper 
From  these  analyses  we  will  draw  some  conclusions  re¬ 
garding  the  relative  precision  of  the  three  time  and 
frequency  dissemination  techniques  herein  discussed, 
i.  c.  ,  network  television,  Loran-C,  and  portable  clocks 
Accuracy,  on  the  other  hand,  may  be  defineJ  as  folio  vs 
for  frequency  it  is  the  confidence  with  which  a  trequency 
is  known  with  respect  to  the  currently  defined  resonance 
in  cesium  133;  and  for  time  it  is  the  confidence  with 
which  a  date  is  known  with  respect  to  a  reference  time 
scale  such  as  UTC(BIH). 
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Time  and  Frequency  Stability  of  Network  TV 
Description  of  TV  Line-10  Timing  System 

After  the  work  of  Tolman  and  others,^"*’  the  TV 
line- 10  system  was  developed  by  NBS  as  a  passive 
means  of  comparing  precision  clocks,  remotely  located 
but  periodically  tied  to  common  broadcasts  from  an 
originating  network.  6  An  overview  of  the  system  is 
shown  in  Fig.  1.  These  broadcasts  originate  from  the 
New  York  City  studios  of  any  or  all  of  the  three  com¬ 
mercial  TV  networks  (ABC,  CBS,  and  NBC).  The 
originating  networks  incorporate  independent  atomic 
frequency  standards  (rubidium)  to  stabilize  their  trans¬ 
missions.  The  New  York  signals,  broadcast  without 
auxiliary  time  coding,  traverse  varied  and  long  paths  at 
microwave  frequencies.  This  relay  system  is  a  chain 
of  broadband  radio  links  encompassing  the  continental 
United  States  at  line-of-siglit  distances  of  some  40  to  60 
km  between  repeaters.  The  microwave  relay  system 
carrying  over  95%  of  the  U.  S.  intercity  television  pro¬ 
grams  is  known  as  the  TD-2  system.  ' '  At  a  terminating 
station,  such  as  an  affiliate  local  transmitter,  the 
microwave  signal  from  the  applicable  repeater  station  is 
converted  to  a  video  signal  and  re-transmitted  by  VHF 
or  UHF  (commercial  TV)  to  a  local  service  area. 
Reception  points  of  such  broadcasts  for  our  data  were 
the  U.  S.  Naval  Observatory  (USNO),  Washington,  D.  C.  • 
Newark  Air  Force  Station  (NAFS),  Newark,  Ohio;  and 
the  National  Bureau  of  Standards  (NBS),  Boulder, 
Colorado. 


This  version  of  TV  timing  uses  line- 10  of  the  odd 
field  in  the  525-line  system  M  as  a  passive  transfer 
pulse.  This  pulse  occurs  during  the  blanking  re¬ 
trace  interval  between  successive  fields;  line-10  was 
chosen  for  timing  as  it  is  the  first  horizontal  sync  pulse 
following  the  equalizing  and  vertical  sync  pulses  and 
therefore  is  easy  to  identify  with  simple  logic  circuits. 
Figure  2  shows  a  typical  equipment  alignment  for 
line- 10  synchronization.  Almost  any  type  of  television 
receiver,  black  and  white  or  color,  is  suitable  for 
reception  of  the  signals  used  for  timing.  The  auxiliary 
equipment  required  can  cover  a  broad  range  of  specifi¬ 
cations,  but  typically  would  include" a  line-10  synchro¬ 
nized  pulse  generator  (available  at  a  cost  of  about  $165), 
a  digital  counter-printer  (about  0.  1  gs  resolution),  and 
a  clock  whose  frequency  is  known  to  an  accuracy  of  a 
few  parts  in  lO^  and  which  has  an  output  of  1  pulse  per 
second  (1  pps),  A  functional  block  diagram  of  the 
line-10  identification  circuitry  is  shown  in  Fig,  3. 

The  timing  system  employed  to  collect  the  data  used 
in  this  paper  works  as  follows:  At  the  same  date,  to  an 
accuracy  which  is  much  better  than  the  17  ms  needed, 
counters  are  started  at  all  laboratories  with  a  1  pps 
tick  from  their  local  reference  atomic  clocks.  Near 
this  time  a  line-10  horizontal  sync  pulse  is  broadcast 
from  one  of  the  New  York  City  originating  TV  trans¬ 
mitters.  After  diverse  delays  through  both  common  and 
separate  microwave  links,  the  sync  pulse — received  by 
the  laboratories  at  different  times  due  to  the  delay  and 
clock  differences--stops  the  corresponding  counters. 

The  difference,  then  between  each  pair  of  counter 
readings  at  any  two  receiving  laboratories,  remains 
constant  except  for  instabilities  in  the  propagation  delay 
and/or  instabilities  or  relative  frequency  offsets  among 
the  reference  atomic  clocks. 


Similarly,  any  laboratory  can  compare  their  clocks 
to  the  UTC(USNO)  and  UTC(NBS)  scales  through  a 
duplicate  reception-recording  system  once  their  clock 
has  been  set  to  within  17  ms  of  either  of  the  above,  and 
the  propagation  path  has  been  calibrated.  (As  the 
period  of  one  modular  TV  frame  is  about  33  ms,  it  is 
necessary  to  resolve  ambiguity  at  the  receiving  site  to 
about  17  ms.  )  NBS  distributes  the  line-10  daily  meas¬ 
urements  in  terms  of  UTC(NBS)  in  the  Monthly  NBS 
Time  Service  Bulletin.  The  USNO  distributes  line- 10 
data  in  terms  of  UTC(USNO-MC)  in  the  weekly  Series  •! 
Time  Services  Bulletin.  ^  These  publications  will 
publish  future  changes,  modifications  to  the  TV  system, 
or  other  factors  affecting  a  user  in  the  field. 

Advantages  of  line-10  timing  include  1)  simplicity 
and  minimum  cost  of  comparison  equipment;  2)  low 
cost  of  maintaining  synchronization  with  long  range 
precision  of  better  than  10  ps;  3)  no  effect  on  regular 
TV  networks  and  with  no  external  cost  to  user;  >1)  throe 
TV  networks  with  atomic  clock  references  provide  re¬ 
dundancy  and  backup  data  in  case  one  TV  channel  shows 
a  microwave  reroute:  and  5)  a  method  for  simultaneous 
maintenance  of  ps  synchronization  of  several  clocks 
diversely  located  within  the  service  area  of  a  common 
transmitter,  without  regard  to  national  programming. 
These  advantages  must  be  tempered  by  such  factors  as 

1)  microwave  paths  can  be  interrupted  without  notice; 

2)  there  is  limited  simultaneous  viewing  time  of  nation¬ 
wide  nerwork  programs;  3)  present  network  distribution 
does  rot  allow  common  programming  with  west  coast 
transmission  lines,  although  local  synchronization  from 
a  common  transmitter  can  be  effected;  4)  system  is  not 
compatible  with  tape  delayed  programs,  and  5)  the 
system  ambiguity  is  33  ms.  (Note  that  time-of-day  is 
"ambiguous"  to  one  day. ) 

Stability  of  the  USNO.  NBS  TV  Path 


The  TV  paths  being  considered  are  from  two  to  four 
thousand  kilometers  in  length.  The  particular  problem 
mentioned  above  of  an  occasional  TV  network  re-route 
will  cause  an  effective  change  in  the  delay.  So  it  is 
highly  advantageous  to  use  all  three  networks  so  that 
such  a  change  can  readily  be  identified.  Conveniently, 
we  do  have  three  networks  so  that  outliers  and  delay 
changes  are  easily  recognized.  During  the  analysis 
period  studied,  which  was  from  25  June  1969  to  30 
December  1970,  there  were  only  about  two  network 
delay  changes  per  year  per  network,  so  it  is  not  a 
serious  inconvenience.  The  television  time  measure¬ 
ments  using  the  line- 10  method  were  made  at  2025  UT, 
2026UT,  and  2027  UT  (one  hour  earlier  during  Daylight 
Savings  Time)  on  NBC,  CBS,  and  ABC, respectively  and 
nominally  every  work  day  at  each  of  the  three  labora¬ 
tories. 

Figure  4  is  a  plot  of  the  fractional  frequency 
stability,  a  (r)  versus  the  sample  time  T  in  days  for 
the  TV  pains  between  Washington,  D.  C.  and  Boulder, 
Colorado,  for  each  of  the  three  networks  (this  assumes 
the  reference  time  scales  are  negligible).  An  ensemble 
of  commercial  cesium  beam  frequency  standards  and 
dividers  to  generate  atomic  time  (AT)  were  used  at 
each  location  as  the  1  pps  tim';  reference,  i.  e  , 
AT(USNO-MEAN)  and  AT(NBS).20’23  The  dashed  line 
in  Fig.  4  corresponds  to  flicker  noise  phase  modulation 
and  appears  to  be  a  reasonable  model  for  the  fluctuations 
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between  Washington,  D.  C.  ,  and  Boulder,  Colorado.  Cal¬ 
culating  the  time  dispersion,  crx(r)  for  the  dotted  line 
gives  the  following  equation:** 


0.  07  for  ABC,  CBS,  and  NBC  respectively.  The  circles 
are  the  stability  for  the  NBS,  NAFS  TV  path  with  weights 
of  0.  29,  0.  36,  and  0.  35  for  ABC,  CBS,  and  NPC  re¬ 
spectively. 


ax(T)  =  62  ns  [6  +  3  loge(2i7Ti'B)  -  l°ge2] 


1/2 


(8) 


where  r  is  in  seconds;  f_  for  a  color  TV  is  about 
3.  2  MHz.  a 

The  fractional  frequency  difference,  y,  between 
AT(USNO-MEAN)  and  AT  (NBS)  calculated  over  the 
period  of  analysis  was: 


4.48  X  10'13  via  ABC 

!^.(yg^EAN):.!k(NB5)  .  4.  43  X10-13  via  CBS 

yVT(NBS) 

4.  56  X  10  via  NBC. 

(9) 

The  precision  of  these  measurements  i3  about  ±3  X  10*  ^ 
as  may  be  seen  from  the  stability  measured  at 
T  =  224  days. 

Since  there  are  three  essentially  independent  net¬ 
works,  they  can  be  combined  optimally  by  weighting 
each  one  inversely  proportional  to  its  variance.  We 
chose  the  variance  at  r  =  7  days,  since  it  has  the  best 
confidence,  to  calculate  the  weights  of  0.  52,  0.  38,  and 
0.  10  for  ABC,  CBS,  and  NBC,  respectively.  This  is 
optimum  in  the  sense  of  giving  a  minimum  variance, 
and  it  should  be  noted  that  these  coefficients  need  to  be 
calculated  for  each  pair  of  receiving  laboratories  or 
effectively  for  each  TV  path.  The  squares  in  Fig,  4 
represent  the  stability  using  this  optimum  weighting 
procedure.  The  squares  in  Fig.  5  show  the  time  fluc¬ 
tuations  of  the  weighted  three  network  TV  data  between 
USNO  and  NBS  as  measured  each  Wednesday.  Each  of 
these  points  represents  a  40s  average.  A  one  second 
measurement  gives  almost  as  good  precision,  but  the 
averaging  allows  one  to  recognize  outliers.  The  inter¬ 
val  between  the  measured  line-10  horizontal  sync  pulses 
is  1.  001s  and  hence  there  is  a  walk  between  a  standard 
1  pps  and  the  line-10  pulse  of  1  ms  per  second  (modulo 
33  ms).  This  is  easily  accounted  for  in  the  counter 
printer  system  shown  in  Fig.  2. 


The  slope  indicated  by  or  =  0  is  probably  the  noise 
of  the  TV  line-10  time  transfer  system,  but  the  type  of 
noise  is  unexpected,  i.  e.  ,  white  frequency  FM  or 
random  walk  of  phase  noise.  Calculating  a  (t)  =  rcr  (t) 
gives:  y 

ojT)  =  (0.  13  ps  day‘1/2)  T1/2  (10) 


where  r  is  in  days.  An  explanation  of  this  random  v/alk 
of  phase  noise  could  be  some  step  changes  in  the  delay 
for  which  there  was  no  accounting. 

Note  that  the  stability  gets  worse  for  r  larger  than 
100  days  with  a  maximum  at  r  equal  to  about  1/2  year 
for  both  the  squares  and  the  circles.  This  part  of  the 
stability  plot  is  probably  due  to  a  seasonal  or  annual 
effect  on  the  time  reference  cesium  standard  at  NAFS. 


Wiener  Filtering  of  TV  Data 

In  Fig.  6  the  dashed  line  representative  of  a  =  0 
(white^noise  FM)  appears  to  be  a  good  model  for  the 
instabilities  in  the  TV  data  over  the  two  paths  mentioned 
above.  If  one  can  assume  that  the  dashed  line  repre¬ 
sentative  of  a  -  -2  (random  walk  of  frequency  noise)  is 
a  good  noise  model  for  the  cesium  beam  reference 
standard,  then  it  has  been  shown  that  a  Wiener  filter 
may  be  applied  to  the  data.  24  Assuming  that  the 
a  =  0  process  is  noise  and  the  a  =  -2  process  is  signal, 
i.  e.  ,  we  wish  to  have  a  best  estimate  of  the  behavior  of 
the  cesium  reference  as  observed  through  the  noise  of 
the  TV  line-10  time  transfer  system,  then  the  filter 
takes  on  a  very  simple  form,  i.  e.  ,  an  exponential.  We 
mean  by  best  estimate  a  minimum  mean  squared  error 
for  the  signal  ([s(t)  -  s(t)]2}  where  s(t)  is  the  true 
behavior  of  the  cesium  beam  reference  standard  and 
s (t)  is  the  Wiener  filtered  estimate. 


The  models  for  the  noise  and  signal  arc. 


y(noise) 


(f)  =  a  r 


(H) 


TV  and  Cesium  Beam  Stability  at  NAFS 


and 


The  same  line-10  TV  network  method  was  employed 
as  outlined  above  at  Newark  Air  Force  Station  (NAFS) 
in  Newark,  Ohio.  Their  time  reference  was  a  com¬ 
mercial  cesium  beam  frequency  standard  and  clock. 

Both  USNO  and  NBS  data  were  used  to  study  the  path 
stability  between  Washington,  D.  C.  ,  and  Newark,  Ohio, 
and  between  Boulder,  Colorado,  and  Newark,  Ohio,  over 
the  periods  from  24  September  1969  to  16  December  1970 
and  from  17  September  1969  to  30  December  1970 
respectively. 

Figure  6  shows  the  fractional  frequency  stability 
a  (r)  for  both  paths  using  all  three  TV  networks 
optimally  weighted.  The  squares  are  the  stability  for 
the  USNO,  NAFS  TV  path  with  weights  of  0.  36,  0.  57, 


S 

y 


(signal) 


(0  =  B  f"2 


(12) 


respectively,  and  the  form  of  the  iVlener  futer  for  the 
discrete  case  is  as  follows: 


x. 

i 


J=-00 


(13) 
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where 


represented  by  the  dashed  line  seems  to  be  z.  reasonable 
model  at  a  level  of: 


ax(2,T,r,fB)  =  (30ns  day'1/2)T1/2,  (17) 


and  5  is  normalized  to  the  same  units  as  i  and  j,  i.  e. , 
days,  weeks,  etc.  A  convenient  recursive  filter  that 
approximates  eq  (13)  is: 

*i=T+l[xi+  55i-l]-  (15) 


For  the  signal  and  noise  processes  given  by  eqs  11  and 
12,  using  Ref.  14,  £  takes  on  the  value 

5  "VT  Tl  *  (it) 


where  T.  is  the  value  of  r  corresponding  to  the  inter¬ 
cept  of  the  dashed  lines  in  Fig.  6.  For  these  particular 
data  sets,  £  had  values  of  7  weeks  and  9-1/4  weeks  for 
the  Washington,  D.  C.  to  Newark,  Ohio,  and  the 
Bpulder,  Colorado  to  Newark,  Ohio,  paths  respectively. 

The  dots  in  Fig.  7  are  the  weighted  three  network 
values  measured  each  Wednesday  for  each  of  the  above 
two  paths.  The  solid  lines  arc  the  result  of  an  appli¬ 
cation  on  these  data  of  the  Wiener  filter  given  by  oq  13 
with  the  sum  being  taken  over  about  1-1/2  time  constants, 
i.  e.  ,  the  past  10  and  14  values  respectively  for  the  above 
two  paths.  Note  the  slope  of  one  part  in  1013  and  the 
strong  correlation  between  the  two  paths  both  before  and 
after  filtering. 


Time  Dispersion  of  Optimum  Processed  TV  Data 


Taking  the  difference  between  the  two  solid  lines  in 
Fig.  7  gives  us  a  filtered  estimate  of  time  fluctuations 
between  AT(USNO-MEAN)  and  AT(NBS).  If  we  now  apply 
a  Wiener  filter  to  the  TV  line- 10  data  plotted  in  Fig.  5, 
we  have  a  direct  path  filtered  estimate  of  the  same 
fluctuations.  Taking  the  difference  between  these  two 
estimates  leaves  as  a  residual  the  filtered  noise  of  the 
TV  line-10  time  transfer  system  and  the  associated 
measurement  equipment.  This  residual  is  plotted  in 
Fig.  8.  Note,  the  data  fall  within  a  very  sensitive 
vertical  range  of  ±1  us.  The  Wiener  filter  applied  to 
the  USNO,  NDS  path*  assumes  that  the  instabilities  of 
the  TV  line- 10  time  transfer  system  are  characterized 
by  flicker  noise  PM(a  =  1,  see  Fig.  4),  and  that  the 
signal.  AT(USNO-MEAN)  -  AT(NBS),  is  limited  by 
flicker  noise  FM(a  =  -1)  at  a  level  for  a  (r)  of  about 
1  X  10“13.  The  latter  assumption,  thougK  inconsistent 
with  the  3  X  10"w  value  of  a  (t)  from  Fig.  4,  was 
based  on  two  reasons:  first, yfrequenjy  changes  of  this 
order  have  been  observed  betweeij4rh'e  two  scales  (see 
Fig.  5,  November,  1970):  and  cecond,  the  filter  has  a 
similar  time  constant  to  tjvt  other  two  paths. 


When  the  data  hi  Fig.  8  are  analyzed  using  the  time 
dispersion  measure  previously  discussed,  we  get  the 
results  sherrfi  in  Fig,  9.  The  white  noise  FM  model 


with  T  having  a  range  from  7  days  to  about  200  days. 

For  comparison  we  analyzed  the  same  data  to 

determine  c  (r)  a  r  a  (T): 

x  y 


.  ,  ...  ,  -1/2.  -1/2 
a  (t)  =  (46  ns  day  )r  , 


(18) 


where  r  is  in  days.  Using  Refs.  14  and  15,  the 
theoretical  ratio  of  o  (r)  to  o  (2,  T,r,  f  )  may  be  cal¬ 
culated  for  white  nois*  FM  as^qual  to  yjl  =  1.  414, 
whereas  the  experimental  value  from  eqs  (17)  and  (18) 
is  1.  5.  For  either  equation  the  dispersion  is  less  than 
1  p8  after  one  year. 


Time  and  Frequency  Stability  of  Loran-C 


Stability  of  USNO,  NBS  Loran-C  Path 


The  circles  in  Fig.  5  represent  the  time  difference 
fluctuations  AT (NBS)  -  AT  (USNO- MEAN)  via  a  3,500  km 
Loran-C  path  going  from  Cape  Fear,  North  Carolina,  to 
USNO  and  to  Dana,  Indiana,  and  from  Dana,  Indiana,  to 
Boulder,  Colorado.  Dana,  Indiana  is  phase  controlled  to 
within  0.  2  ps  with  respect  to  Cape  Fear  using  as  the 
phase  reference  point  Warner  Robins  AFB  in  Georgia/ 
The  circles  represent  the  Loran-C  measurements  as 
made  every  fifth  day.  The  triangles  arc  the  USNO  port¬ 
able  clock  trips  between  USNO  and  NBS  with  a  reported 
accuracy  of  date  transfcrral  of  0.  1  ps. 


The  circles  in  Fig.  10  are  the  fractional  frequency 
stability,  a  (7)  for  the  Lorar.-C  data  plotted  in  Fig.  5. 
The  circlcsyin  Fig.  1)  arc  an  estimate  of  the  time 
dispersion,  0^(7)  s  7  or  ( T)  for  the  same  data.  The 
squares  in  Fig.  11  arcythe  same  estimate  of  time 
dispersion  for  the  TV  line- 10  data  shown  in  Fig.  5. 


Stability  of  European  and  Atlantic  Loran-C  Paths 


Some  data  were  made  available  at  the  courtesy  of 
the  Ncuchatcl  Observatory  (ON)  using  Loran-C  to  com¬ 
pare  two  commercial  cesium  standards  located  at  ON 
each  against  UTC(BIH)  and  UTC(USNO).  Given  a  set  of 
measurements  between  three  independent  standards, 
the  stability  of  each  may  be  estimated. 


Using  this  approach,  while  realizing  that  part  of  the 
Loran-C  path  is  common  to  the  two  ON  cesium  standards, 
an  estimate  of  a  (T)  was  made  for  the  USNO,  ON  path 
across  the  Nortl/ Atlantic  and  to  Neuchatel,  Switzerland, 
represented  by  the  pluses  (+)  in  Fig.  10.  Similarly  an 
estimate  of  a  (t)  was  made  for  the  BIH,  ON  Loran-C 
path  and  are  Represented  by  the  triangles  (A)  in  Fig.  10. 
It  is  interesting  that  the  much  longer  Atlantic  Loran-C 
path  from  USNO  to  ON  is  more  stable  than  the  USNO, 

NBS  continental  Loran-C  path. 


Loran-C  and  TV  Stability  via  BIH 


The  BIH  maintains  the  International  Atomic  Time 
Scale  lAT(BIH).  This  scale  is  based  on  a  weighted  set  of 
the  atomic  time  scales  of  the  major  laboratories  of  the 
world  which  keep  such  scales  and  which  have  a  date 
communication  link  to  the  BIH  via  Loran-C  or  TV. 

Using  the  data  published  by  the  BIH  in  Circular- D, 
we  performed  a  stability  analysis  of  the  time  scale  data 
for  these  major  laboratories  versus  the  BIH.  The  four 
most  stable  time  reference  laboratories  were  chosen  in 
order  to  see  the  instabilities  in  the  Loran-C  system  and 
the  results  are  plotted  in  Fig.  12.  It  should  be  noted  that 
IAT(BIH)  is  dependent  upon  each  of  the  contributing  time 
scales,  hence  the  stabilities  shown  arc  nominally 
optimistically  biased. 

The  atomic  time  scale  of  the  Physikalisch- 
Techniscne  Bundcsanstalt  (PTB)  is  communicated  to  the 
BIH  via  European  TV  and  Loran-C  from  Braunschweig, 
Federal  republic  of  Germany,  to  Paris,  France.  The 
Royal  Greewich  Observatory  (RGO)  is  in  Herstmonceux, 
England. 

It  is  interesting  to  note  the  comparable  stabilities 
of  the  four  laboratories  even  though  they  are  located  at 
greatly  different  distances  over  the  earth.  The  white 
noise  FM  is  typical  of  cesium  beam  frequency  standards 
but  for  much  smaller  r  values  and  at  much  lower  levels. 
This  noise  is  apparently  nominally  representative  of  the 
Loran-C  and  TV  instabilities  as  observed  at  the  BIH 
except  for  the  NBS  data  which  is  more  nearly  repre¬ 
sented  by  flicker  noise  PM.  The  white  noise  FM  again 
implies  step  changes  in  delay  for  which  there  is  no 
accounting. 

Time  Accuracy  of  TV  Line- 10.  Loran-C,  and  Cesium 
Portable  Clocks 

The  ordinate  shown  in  Fig.  5  for  the  TV  line- 10 
system,  for  the  Loran-C.  and  for  the  portable  clocks 
is  arbitrary  since  over  these  paths  only  the  portable 
clocks  have  accurate  date  transfcrral  capabilities.  For 
the  paths  being  considered  both  the  TV  line- 10  system 
and  Loran-C  need  a  path  delay  calibration  in  order  to 
maintain  sub-microsecond  synchronization.  Loran-C 
delays  can  often  be  calculated  to  better  than  1  fis  for 
areas  within  ground-wave  coverage.  For  the  TV  line- 10 
system  the  path  delay  may  be  readily  calculated  to 
within  about  1  (is  only  when  both  receiving  points  are 
line-of- sight  to  the  same  TV  transmitter.  On  the  other 
hand,  the  cycle  ambiguity  for  Loran-C  can  be  10  fjs 
whereas  it  is  only  33  ms  for  the  TV  line- 10  system. 

This  means  that  the  cycle  ambiguity  could  be  removed 
very  easily  on  the  TV  line- 10  system  using  WWV 
whereas  the  10  (is  ambiguity  of  Loran-C  can  be  more 
difficult  to  remove. 

Figure  11  shows  the  time  dispersion  characteristics 
for  cesium  beam  portable  clocks  presently  available. 

Note  that  the  dispersion  degrades  to  be  that  of  cither  TV 
or  Loran-C  for  T  values  of  a  few  weeks.  For  portable 
clocks  T  may  be  interpreted  as  the  time  since  the  last 
date  calibration.  It  is  obvious  for  this  and  other  reasons 
that  portable  clock  trips  should  be  made  quickly  for  the 
best  accuracy  in  date  communication. 


Short-Term  Frequency  Stability  of  TV,  Loran-C.  and 
Portable  Clocks 

It  is  often  desirable  to  have  available  a  reference 
standard  frequency  for  calibrating  the  frequency  of  a 
clock,  or  of  a  frequency  counter,  etc.  In  color  television 
broadcasting,  a  color  "subcarrier"  of  63/88-5  MHz 
(3. 58  . . .  MHz)  is  transmitted  on  the  VHF  or  UHF  signal. 

It  is  used  as  a  reference  signal  in  the  color  television 
receiver  to  demodulate  the  chrominance  sidebands. 

Since  the  major  U.  S.  networks  generate  the  color  sub¬ 
carrier  with  rubidium  frequency  standards,  this  color 
subcarrier  may  be  used  as  a  reference  standard  frequency. 
Frequency  stability  measurements  of  the  color  subcarriers 
of  all  three  major  U.  S.  networks  (originating  in  New  York) 
have  been  made  at  thr  NBS  laboratories  in  Boulder. 

In  most  cases  it  appears  that  the  overall  measurements 
system  is  capable  of  resolving  the  3.  58  ...  MHz  time 
(phase)  differences  to  less  than  10  nanoseconds.  This 
corresponds  to  determination  of  frequency  difference  of 
about  one  part  in  10n  in  17  minutes.  NBS  designed 
instrumentation  both  to  synthesize  the  output  of  a  1  or 
5  MHz  local  frequency  standard  to  3.  58  ...  MHz  and  to 
compare  phases  of  the  local  synthesized  signals  to  the 
received  subcarrier  frequency.  A  plot  of  the  stability 
of  some  of  the  best  data  received  in  Boulder,  Colorado, 
are  represented  by  the  squares  marked  CBS  in  Fig.  13. 
Typically  the  stability  was  a  factor  of  two  or  three  times 
worse  than  this.  The  Dana,  Indiana  Loran-C  stability  as 
monitored  in  Boulder,  Colorado,  is  represented  by  the 
circles,  and  the  portable  clock  stability  by  the  triangles. 

It  is  interesting  to  compare  the  relative  stabilities 
(precision)  of  the  three  methods  for  a  sample  time,  T,  of 
about  200  s.  The  values  of  a  (T)  are  about  10'10,  10"u, 

4  X  10-w  for  Loran-C  TV  color  subcarrier,  and  cesium 
portable  frequency  standard,  respectively.  The  TV  color 
subcarrier  provides  a  very  inexpensive  and  precise 
method  for  frequency  calibration.  The  accuracy  of  a 
measurement  in  all  three  cases  is  limited  by  the  accu¬ 
racy  of  the  reference  standard  employed  as  well  as  by  the 
precision  of  the  measurement.  To  improve  the  usefulness 
of  the  TV  color  subcarrier  method  it  would  be  an  easy 
matter  for  NBS  to  publish  daily  measurements  of  the 
absolute  frequencies  of  the  three  networks1  rubidium  gas 
cells. 

Figure  13  also  shows  for  comparison  purposes  the 
previous  data  discussed  comparing  AT(USNO-MEAN)  and 
AT(NBS)  via  Loran-C  and  via  TV  line-10  time  transfer 
system  The  circles  at  the  right  are  the  stabilities  via 
Loran-C  and  the  squares  at  the  right  are  the  stabilities 
via  line- 10  TV. 

Conclusions 

The  three  network  TV  line- 10  systems  properly 
filtered  may  be  used  ir.  a  large  majority  of  the  United 
States  to  keep  clocks  synchronized  to  within  an  rms 
precision  of: 

crx<T)  =  (46  ns  day’ 1|,2>  t"  (19) 

with  T  at  least  in  the  range  from  7  days  to  about  200  days. 
The  clocks  are  assumed  to  have  been  synchronized  pre¬ 
viously.  The  TV  color  subcarrier  may  be  used  as  a 
frequency  rcferanc  ,  with  a  precision  capability  of: 


200 


ay( T)  =  {3.5  X  lO-10  az,i)r'zfi  (20) 

where  f  haa  at  least  the  rang*  of  values  from 
10s  £  T  £  200s. 

The  long-term  fractional  frequency  stability  of 
Loran-C  and  the  three  network  TV  line- 10  systems  aro 
comparable  with  the  Loran-C  stability  at  a  level  of  about: 

o  <r)  a  (1.9  X1G'W  day2/3)T'2/3  {21j 

whore  T  has  at  least  the  range  from  1  day  Sts  200  days 
Both  systems  provided  precision  capabilities  of  a  few 
parts  in  I0U  for  sample  times  of  one-half  year  and  longer 
and  with  rms  time  dispersions  of  leas  than  1  fis  after  one 
year. 

Acknowledgements 

We  wish  to  thank  Dr.  James  A.  Barnes,  Dr.  Donald 
Halford,  and  Mr,  Gunther  Kramer  for  the  helpful 
criticisms  and  comments  of  this  paper.  The  assistance 
of  Glynetta  Perrymore,  Dr.  Bsrnie  Wieder,  and 
James  Barnaba  in  the  data-taUlog  and  processing  has 
been  invaluable.  We  also  wish  to  acknowledge  the  fine 
work  and  speedy  processing  of  this  manuscript  by  our 
secretaries,  Mrs.  Eddyce  Helfrich  and  Mrs.  Donna  Stolt. 

References 


7.  E*.  E.  Pakos,  "Use  of  the  Loran-C  System  for 
Time  and  Frequency  Dissemination,  "  Proc.  of  the 
7.3rd  Annual  Symposium  on  Frequency  Control, 

Ft.  Monmouth,  N.J. ,  6-8  May  1969,  pp.  236-247. 

8,  L.  D.  Shapiro,  "Time  Synchro-  ization  from 
Loran-C,  "  IEEE  Spectrum,  Vol,  5,  No,  8, 

August  1968,  pp.  46-55. 

9-  L.  N.  Bodily  and  L,  C.  Hyatt,  "  'Flying  Clock' 
Comparisons  Extended  to  East  Europe,  Africa,  and 
Australia, "  Hewlett-Packard  J. ,  Vol.  19,  No.  4, 
December  1967,  pp.  12-20, 

10.  D.  W.  Allan  and  J.  A.  Barnes,  "Some  Statistical 
Properties  of  LF  and  VLF  Propagation,  "  AGARD 
Conf.  Proc.  No.  33,  Phase  and  Frequency 
Instabilities  in  Electromagnetic  Wave  Propagation, 
(Proc.  AGARD/EPC  13th  Symp. ,  Ankara,  Turkey, 
Oct.  9-12,  1967),  K.  Davies,  Ed.,  Chapter  15 
(Technivision  Services,  Slough,  England),  July 
1970,  pp,  219-230. 

11.  Alain  Guetrot,  LynneS.  Higbie,  Jean  Lavanceau, 
and  David  W  Allan,  "An  Application  of  Statistical 
Smoothing  Techniques  on  VLF  Signals  for  Com¬ 
parison  of  Time  Between  USNO  and  NBS," 
'Summary)  Proc.  of  the  23rd  Annual  Symposium  on 
Frequency  Control,  Fort  Monmouth,  N.  J. ,  May 
1969,  p.  248.  Also  unpublished  thesis.  University 
of  Colorado  (1967). 


1.  J.  Tolman,  V,  Pfcadek,  A.  Soutiek,  R,  Stechcr, 
"Microsecond  Clock  Comparisons  by  Means  of  TV 
Synchronizing  Pulses, "  IEEE  Trans  on  Instru¬ 
mentation  and  Measurement,  Vol.  1M-16,  No.  3, 
1967,  pp.  247-254. 


>2.  J.  L.  Jespersen,  L.  E.  Gatterer,  D.  W.  Hanson, 
and  W.  F.  Hamilton,  "Artificial  Satellites  as  a 
Means  of  Time  Dissemination."  Proc.  International 
Conf.  on  Space  and  Communication,  Paris,  France, 
29  March  -  2  April  1971,  9  pages  (in  press). 


2.  D.  W.  Allan,  S.  Leschiutta,  and  G.  Rovera,  "TV 
Frame  Pulses  Used  for  Precision  Time  Synchroni¬ 
zation  and  Their  Noise  Distribution,  "  Alta 
Frequenza  (Letter),  Vol.  XXXIX,  No.  5,  May  1970, 
p.  482  (p.  180  English). 

3.  D.  ,D.  Davis,  J.  L.  Jespersen,  and  G.  Kamas, 

"The  Use  of  Television  Signals  for  Time  and 
Frequency  Dissemination."  Proc.  IEEE  (Letters) 
Vol.  58,  No.  6,  June  1970,  pp,  931.933. 

4*  ™a^^.Celi0^•  "Tirne  Synchronization  by  Television." 
IEEE  Trans,  on  Instrumentation  and  Measurement, 
Vol.  IM-19,  No.  4,  November  1970,  pp.  233-238. 


13.  D,  W,  Allan,  "Statistics  of  Atomic  Frequency 
Standards,"  Proc.  IEEE,  Vol,  54,  No.  2, 
February  1966,  pp.  221-230. 

14*  J>  A-  Barnes  et  al. ,  "Characterization  of 

Frequency  Stability,"  NBS  Technical  Note  394, 
October  1970;  also  published  in  IEEE  Trans,  on 
Instrumentation  and  Measurement,  Vol.  IM-20, 
No.  2,  May  1971,  pp.  105-120. 

15.  J.  A.  Barnes,  "Tables  of  Bias  Functions,  Bj  and 
s2*  for  Variances  Based  on  Finite  Samples  of 
Processes  with  Power  Law  Spectral  Densities," 
NBS  Technical  Mote  375,  January  1969. 


5.  S.  Leschiutta,  "Long  Term  Accuracy  of  Time 

Comparisons  via  TV  Radio  Relay  Links,  "  (Abstract) 
Program  of  the  25th  Annual  Frequency  Control 
Symposium,  Fort  Monmouth,  N.J. ,  April  1971, 


°avla-J3<  E>  Blair-  andJ.  p.  Barnaba. 
Long-Term  Continental  U.  S.  Timing  System  via 
Television  Networks,"  IEEE  Spectrum  (in  press). 


J.  A.  Barnes  and  D.  W.  Allan,  "An  Approach  to 
the  Prediction  of  Coordinated  Universal  Time,  " 
Frequency,  Vol.  5,  No.  6,  November/December 
1967,  pp.  13-20. 


U.  S..  Berger,  "TD-2;  Eighteen  Years  and  Still 
Growing,"  Bell  Lab.  Record,  Vol,  46,  July/ 
August  1968,  pp,  210-216, 


201 


18.  NBS,  "Time  and  Frequency  Services  Bulletin," 
issued  monthly  to  users  on  basis  of  need. 

Inquiries  may  be  addressed  to  Frequency-Time 
Broadcast  Services  Section,  Time  and  Frequency 
Division,  NBS,  Boulder,  CO  80302. 

19.  USNO,  "Daily  Phase  Values  -  Series  4,"  issued 
weekly  to  users  on  basis  of  need.  Inquiries  may 
be  addressed  to  Director,  Time  and  Service 
Division,  U.  S,  Naval  Observatory,  Washington, 
DC  20390. 

20.  John  D,  Milton,  "Standard  Time  and  Frequency: 

Its  Generation,  Control,  and  Dissemination  from 
the  National  Bureau  of  Standards  Time  and 
Frequency  Division,  "  NBS  Technical  Note  379, 
August  1969. 

21.  David  W.  Allan,  James  E.  Cray,  and  Howard  E. 
Machlan,  "The  NBS  Atomic  Time  Scale  System: 
AT(NBS),  SAT  (NBS),  and  UTC(NBS),"  (Summary) 
Proc.  of  the  24th  Annual  Symposium  on  Frequency 
Control,  Ft,  Monmouth,  N.  J. ,  27-29  April  1970, 
p.  361. 


22.  G.M.R.  Winkler,  R.  O'.  Hall,  and  D.  B.  Percival, 
"The  U.  S.  Naval  Observatory  Clock  Time  Reference 
and  the  Performance  of  a  Sample  of  Atomic  Clocks," 
Mctrologia,  Vol.  6,  No.  4,  October  1970,  pp.  i 26- 
134. 

23.  David  W.  Allan  and  James  E.  Gray,  "Comments 
on  the  October  1970  Mctrologia  Paper,  ‘The  U.S. 
Naval  Observatory  Clock  Time  Reference  and  the 
Performance  of  a  Sample  of  Atomic  Clocks,  1  " 
Mctrologia  (Letter  to  the  Editor),  April  1971. 

24.  Y.  W.  Lee,  Statistical  Theory  of  Communication, 
John  Wiley  and  Sons,  New  York,  Chapter  14,  I960, 
p.  383. 

25.  D.  D.  Davis,  "Using  the  TV  Color  Subcarrier  as  a 
Stable  Frequency  Source,  "  Electronics,  Vol.  44, 

No.  9.  10  May  1971. 

26.  Robert  Doherty,  Private  Communication. 


202 


FRACTIONAL  FRECJEKCY  STABILITY:  <£.<« 


Fig.  4  -  Fractional  frequency  stability,  C(y  (r),  of  the 
AT(USNO-Mean)  -  At  (NBS)  time  scales  compared 
by  the  3-network  TV  line-10  technique. 


ATOIBS)  -  AT (U$N0)  ♦  39.56ns/DAY 


LORAN-C  • 

VIA  3  NETWORK  TV  • 
Cs  PORTABLE  CLOCK  A 


1969  1970  1971 


Fig.  5  -  Relative  time  fluctuations  of  the  AT(NBS)  - 
AT(USNO-Mean)  time  scales  compared  by  the 
Loran-C,  3-network  TV  line-10,  and  cesium 
portable  clock  technique. 
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Fig,  6  -  Fractional  frequency  stability,  C^(r),  or  the 
Boulder-Newark  and  the  Washington,  D,C. -Newark 
paths  via  the  3-network  TV  line-10  technique. 


3  NETWORK  TV,  LINE  10 


AT(NBS)  -  UTC(NAFS') 


Fig.  7  -  Time  fluctuations  (direct  and  filtered)  of 
the  Boulder-Newark  and  the  Washington,  D.C.- 
Newark  paths  via  the  3-network  TV  line-10 
technique 
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3  NETWORK  LINE  10  TV 


AT(NBS)  -  AT(USNO) 


Fig,  8  -  Residual  time  fluctuations  of  the  3-network 
TV  line-10  technique  between  Boulder,  Newark, 
and  Washington,  D.C. 


x  H  OPTItlUN  FILTERED  3  NETWORK  TELEVISION  LINE  10  NOISE 
BETWEEN  WASHINGTON,  D.C,.  BOULDER,  CO,  t  NEWARK,  OHIO. 


/ 


_ I _ l_l.  1..U  ij _ l  I  L-i-L-UJ-L _ I _ I _ 

10  DAYS  1? 

SANPLE  INTERVAL  (T) 

Fig.  9  ~  The  rms  time  error  versus  sample  interval  of 
the  filtered  3-network  line-10  noise  between 
Washington,  D.O.,  Boulder,  Colorado,  and 
Newark,  Ohio. 
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SAMPLE  TIME  (r>  IN  DATS 

Fig.  10  -  Apparent  Loran-C  stability:  over  continental  . 
U.S.  path  denoted  by  the  circles;  over  North 
Atlantic  path  denoted  by  pluses;  and  as  re¬ 
ceived  at  ON  and  BIH  denoted  by  the  triangles. 


SWLE  TIKE  (T)  IK  SECONDS 

Fig.  11  -  Estimation  of  the  rms  time  dispersion  versus 
sample  time  for  Loran-C  3-network  TV  line-10, 
and  cesium  portable  clock  techniques  with  USNO 
v\nd  NBS  as  the  time  references. 
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FRACTIONAL  FREOUENCY  STABILITY 
av<r> 


T.  SWLE  TIME 


Fig.  12  -  Apparent  Loran-C  stability  as  observed  at 
the  BIH  from  NBS,  RGO,  USNO,  and  PTB. 
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Fig.  13  -  Relative  fractional  frequency  stability 
versus  sample  time  for  Loran-C,  3-network 
TV  line-10,  CBS  TV  color  subcarrier,  and, 
cesium  portable  clock. 


208 


METHODS  OF  LOCAL  TIME  AND  FREQUENCY  TRANSFER 


D.  H.  Phillips,  R.  E.  Phillips,  J.  A.  Bowman,  and  J.  J.  O'Neill 
Naval  Research  Laboratory 
Washington,  D.  C. 


Summary 

Several  methods  of  local  time  and  frequency 
transfer  have  been  experimentally  utilized  by  the 
Naval  Research  Laboratory  during  the  past  year.  Re¬ 
sults  have  shown  chat  several  of  Che  methods  such  as 
the  microwave  link  and  T.V.  time  transfer  have  great 
promise.  Cable  can  provide  accurate  time  and  frequency 
transmission  for  short  distances  such  as  the  Laboratory. 
A  disciplined  cime  and  frequency  standard  (DTF)  with 
built-in  memory  logic  and  a  high  quality  crystal  is 
being  developed  ano  could  serve  as  the  terminus  of  a 
microwave  or  T.V.  link.  The  hydrogen  maser  was  used 
as  a  transfer  standard  to  make  cross  checks  for  vai ious 
standards  and  between  the  various  techniques  for  time 
transfer.  Total  evaluation  shows  the  combination  of 
all  these  techniques  yielding  a  time  and  frequency 
distribution  net  of  high  accuracy  to  serve  as  a  base 
for  navigation,  timekeeping,  and  cotmu.' icatlous. 

Introduction 

This  paper  Is  concerned  with  -several  of  the  tech¬ 
niques  used  to  transfer  time  and  frequency  In  a  local 
area.  First  the  individual  systems  will  be  described 
and  then  a  description  of  techniques  for  the  utilization 
of  the  systems  into  a  complementary  time  transfer  net¬ 
work  will  be  given.  Results  have  shown  that  several  of 
the  methods  have  great  promise  and  can  meet  the  needs 
of  the  user  to  exceedingly  high  accuracies. 

Microwave  Link 

One  of  the  most  promising  methods  is  a  microwave 
link  as  shown  In  Figure  1  ond  reported  on  last  year  at 
the  Frequency  Control  Symposium  by  D.  Phillips,  R. 
Phillips,  and  J.  O'Neill.1 

Additional  experiments  have  been  carried  out  such 
aa  higher  accuracy  achieved  with  the  transmission  of  a 
5  MHz  maser  derived  signal  as  shown  In  Figure  2.  Full 
scale  Is  100  nanoseconds.  This  shows  a  resolution  of 
l  nanosecond  -  and  It  was  noted  that  the  phase  noise 
was  less  than  100  picoseconds. 

Portable  microwave  gear  shown  In  Figure  3  was  used 
to  demonstrate  four  other  links.  The  beam  width  of  the 
antennas  Is  two  degrees.  Another  experiment  accomplish¬ 
ed  and  In  operation  Is  the  remote  controlling  by  the 
Naval  Research  Laboratory  of  power  spilt  between  two 
microwave  links  utilizing  the  same  transmitter  at  the 
U.S.  Naval  Observatory.  This  allows  one  to  make  opti¬ 
mum  utilization  of  the  microwave  system. 

The  microwave  links  have  been  utilized  for  the 
comparison  of  remote  clocks  with  UTC  (USNO),  the  U.S. 
Naval  Observatory's  computed  average  of  about  16  select¬ 
ed  cesium  beam  clocks.2  Figure  A  is  supplied  by  the 
U.S.  Naval  Observatory  and  yields  the  fractional  frequen¬ 
cy  offset  and  sigma  values  for  the  Hewlett  Packard 


5061A  cesium  beam  208  located  at  the  Waldorf  Microwave 
Space  Research  Facility  of  the  Naval  Research  Labora¬ 
tory.  The  top  graph  shows  the  frequency  offset  from 
1  August  1970  to  9  March  1971  where  full  scale  is  6 
parts  In  1012.  The  lower  graph  shows  the  standard 
deviation  In  nanoseconds  of  a  1  day  averaging  time  of 
readings  taken  every  3  hours  and  full  scale  is  32  nano¬ 
seconds. 

The  microwave  link  has  yielded  nanosecond  phase 
resolution,  tick  Jitter  of  22  nanoseconds  tick  to  tick 
or  average  error  over  l  minute  of  5  nanoseconds,  and 
time  transfer  to  better  than  0.1  microsecond.  Advan¬ 
tages  of  the  microwave  link  are: 

a.  epoch  time  is  transmitted  without  large 
unknown  delay 

b.  wide  bandwidth  enables  high  precision  trans¬ 
mission 

c.  small  delay  in  equipment  (0.4  microsecond) 

d.  simplicity  of  repair  and  operation 

e.  low  transmitter  power  required  due  to  point 
to  point  operation  with  large  antenna  gain 

T.V.  Time  Transfer 

Figure  5  shows  another  promising  technique  of 

T. V.  time  transfer  as  reported  In  a  paper  last  year  at 
the  Symposium  by  J.  L.  Jesperson.3  A  cooperative 
experiment  Involving  the  Naval  Research  Laboratory,  the 

U. S.  Naval  Observatory,  the  National  Aeronautics  and 
Space  Agency,  National  Bureau  of  Standards,  and  WTTG, 
Metromedia  Television  In  Washington,  D.C.  has  been 
conducted  utilizing  a  time  code  receiver  designed  by 
Dick  Davis  of  the  National  Bureau  of  Standards  and 
built  by  Astro  Engineering,  Boulder,  Colorado.  T.V. 
monitoring  of  a  cesium  beam  at  WTTG  was  carried  out  by 
Naval  Research  Laboratory  from  June  10,  1970  to  January 
11,  1971  to  test  the  reliability  and  accuracy  of  the 
system.  With  a  good  antenna  the  system  yielded  nano¬ 
second  resolutions  and  proved  reliable  over  this  period 
of  time. 

Figure  6  shows  a  traveling  van  which  was  outfitted 
at  Naval  Research  Laboratory  to  conduct  moving  experi¬ 
ments  which  required  portable  AC  power.  A  time  transfer 
experiment  was  conducted  by  personnel  from  the  U.S. 

Naval  Observatory,  Naval  Research  Laboratory  and  the 
University  of  Virginia.  The  van,  equipped  with  T.V.,  / 

time  code  receiver,  antenna  system  with  amplifiers  and 
cesium  beam  traveling  clock,  was  driven  to  the  Leander 
McCormick  Observatory  on  Fan  Mountain  (elevation 
approximately  1800  ft.)  on  July  10,  1970.  A  signal 
was  received  and  reliable  readings  of  a  delay  of 
613,385  (jsoc  were  obtained  Indicating  a  calculated 
distance  of  114.34  statute  miles.  The  distance  cal¬ 
culated  from  coordinates  was  114.8  statute  miles. 

If  we  assume  the  distance  calculated  from  coordinates 
is  correct  the  delay  was  less  than  it  should  be  by 
0.46  statute  miles  or  the.  clock  in  the  van  was  ahead 
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by  2.47  psec.  Clock  comparisons  before  and  after 
Indicated  the  clock  in  the  van  was  3.0  +  0.1  psec 
ahead  of  the  clock  at  WTTG.  This  gave  a  closure 
within  0.6  psec.  If  two  T.V.  stations'  signals  were 
locally  synchronized  and  then  received  by  equipment 
of  this  type,  rho  rho  navigation  of  high  accuracy 
would  be  possible  for  a  moving  vehicle  in  the  metro¬ 
politan  area.  Advantages  of  the  T.V.  link  are: 

a.  wide  spread  distribution  of  time  due  to  wide 
coverage  of  T.V. 

b.  use  of  digital  circuits  make  complex  approach 
feasible 

c.  economical  for  user 

d.  portability 

Cable 

Figure  7  showsi  the  network  of  cable  used  at 
Naval  Research  Laboratory  for  the  transfer  of  maser 
derived  frequency  signals  around  the  Laboratory.  Ttte 
green  line  is  RG  223  double  Jacket,  double  shielded 
cable  run  in  telephone  ducts  and  used  to  transfer  the 
maser  derived  100  kHz  signal  around  the  Laboratory. 
Each  building  has  an  isolation  amplifier.  The  blue 
line  is  3/8"  styroflex  and  is  used  to  transfer  the 
maser  derived  5  MHz  signal.  The  re!  lino  is  7/8" 
styroflex  and  is  used  to  transfer  a  maser  derived 
1  MHz  signal  and  a  1  pps  signal  from  NRL's  clock 
algebraically  abided  together.  For  dissemination  of 
highly  accurate  time  the  use  of  styroflex  or  other 
phase  stable  cable  is  recommended.  Cable  can  provide 
accurate  time  and  frequency  transmission  for  short 
distances  such  as  the  Laboratory. 

Correlation  UslnR  Transfer  Standard 

All  standards  involved  in  the  various  time  trans¬ 
fer  techniques  are  phase  recorded  with  respect  to  the 
hydrogen  maser  (Naval  Research  Laboratory's  frequency 
standard).  This  allows  cross-checks  to  be  made  for 
the  various  standards  and  between  the  various  tech¬ 
niques  for  time  transfer.  The  Naval  Research  Labora¬ 
tory's  hydrogen  maser  is  sent  to  the  U.S.  Naval 
Observatory  via  microwave  link  and  provides  a  base 
line  of  low  noise  and  high  purity  against  which  other 
standards  can  be  phase  compared.  Figure  8  shews  a 
phase  recording  of  Naval  Research  Laboratory's  two 
hydrogen  masers  beating  against  each  other.  Full 
scale  is  700  picoseconds  and  each  small  block  is  14 
picoseconds.  From  4  p.m.  to  6  p.m.  for  5  minute 
sampling  the  data  yields  a  frequency  difference  of 
3.2  parts  in  10^5  and  a  standard  deviation  of  3.5 
parts  in  1016.  This  demonstrates  the  low  noise  char¬ 
acteristic  of  the  hydrogen  maser  signals. 

Since  this  high  purity  signal  is  also  available 
throughout  the  Naval  Research  Lob  i\otc  ,  standards 
in  the  Laboratory  can  be  correlated  with  high  accuracy 
to  the  computed  overage  of  the  U.S.  Naval  Obsorvatory. 
Figure  9  Illustrates  local  synchronization  fer  the 
Laboratory. 

Figure  10  illustrates  data  utilizing  the  maser 
as  a  transfer  standard,  the  microwave  link  and  the 
T.V.  link.  Three  standards,  the  Cesium  beam  at  WTTG 
via  T.V.  link  (*) ,  the  U.S.  Naval  Observatory's  Master 
Clock  via  microwave  link,  and  the  cesium  beam  236 
serving  os  Naval  Research  Laboratory's  station  clock 
(+)  were  phase  recorded  against  NRL's  hydrogen  maser. 
The  maser  was  common  Co  all  and  could  be  subtracted 
out  and  thus  the  Cesium  beam  at  WTTG  and  cesium  beam 
236  could  be  plotted  against  the  U.S.  Naval  Observa¬ 
tory's  master  clock.  On  October  27,  1970  a  C  field 
adjustment  was  made  to  the  cesium  at  WTTG  to  set  it  on 
with  the  master  clock. 


Figure  11  shows  the  next  month's  data  and  illus¬ 
trates  hew  useful  this  Information  was  for  setting  and 
maintaining  a  remote  clock's  time. 

Stabilization  of  Color  Burst  Frequency 

A  meeting  of  the  T.V.  Networks  and  FCC  on  August 
11,  1970  at  WTTG  yielded  a  need  in  the  TV  industry 
for  precise  frequency  and  phase  control  of  the 
3.5795454  MHz  signal  utilized  in  color  T.V.  receivers 
to  phase  lock  a  crystal  oscillator  in  the  T.V.  set. 
Precise  measurements  have  been  and  are  being  made  at 
Naval  Research  Laboratory  to  determine  the  changes  in 
frequency  and  phase  of  the  color  subcarrier  frequency 
of  several  T.V.  channels.  Figure  12  shows  the  color 
T.V.  sets  and  the  cable  T.V.  transmission  system 
presently  in  use  since  the  termination  of  active  T.V. 
transmission  in  January. 

Figure  13  shows  a  phase  recording  of  WTTG  Metro¬ 
media  Television's  Color  Burst  Frequency  vs.  Maser 
(NRL).  Full  scale  is  279  nanoseconds.  One  can  sec 
easily  the  change  between  black  and  white  and  color. 

The  line  near  the  middle  of  the  chart  represents 
black  and  white  operation  where  essentially  no  phase 
information  la  available.  The  line  further  on  the 
right  represents  color  information  and  illustrates 
stabilized  color  burst  frequency. 

Figure  14  shows  WTOP's  color  burst  frequency  vs. 
Maser  (NRL).  Full  scale  is  279  nanoseconds.  The 
data  from  9  a.n.  to  10  a.m.  shows  the  Color  burst 
frequency  going  low  by  3.9  parts  In  1010  and  the  data 
from  11:30  a.m.  to  11:50  a.m.  shows  the  color  burst 
frequency  going  high  by  7.2  parts  in  1011. 

Figure  15  shows  WTOP's  color  burst  frequency  vs. 
Maser  (NRL).  WTOP's  local  color  burst  frequency  was 
derived  from  the  cesium  beam  standard  at  WTTG  which 
had  been  set  on  frequency  in  October  1970  os  previous¬ 
ly  shown  in  Fig.  10.  The  line  from  4  p.m.  to  6  p.m. 
shows  very  stable  and  accurate  transmission  of  local 
color  burst  frequency.  The  data  from  1.30  p.m.  to 
4:00  p.m.  shows  the  frequency  offset  of  the  network 
frequency  standard.  Full  scale  is  279  nanoseconds. 

The  stabilization  of  carrier  frequency  is  a  prime 
goal  once  standard  frequencies  are  available  to  the 
T.V.  station.  Fringe  areas  receiving  two  stations 
would  have  min to  in  interference  if  the  two  stations 
were  closely  synchronized. 

Disciplined  Time  and  Frequency  Standard 

Figure  16  shows  a  model  of  a  disciplined  time  and 
frequency  standat  l  F)  being  developed  under  contract 
for  the  haval  Research  Laboratory  by  Frequency  Elec¬ 
tronics,  Inc.  This  standard  will  be  readily  portable, 
contain  built-in  memory  logic,  and  contain  a  high 
quality  crystal  oscillator. 

Figure  17  show6  that  the  DTF  will  be  of  nodular 
construction.  Many  uses  presently  are  visualized  for 
such  a  standard;  for  example,  the  terminus  of  a 
microwave  or  T.V.  link.  Another  application  of  the 
DTF  is  when  tho  user  is  separated  from  a  precision 
standard  by  a  cable.  The  DTF  functions  as  a  clean 
up  oscillator  when  the  cesium  beam  and  cable  ore 
functioning  properly.  When  either  the  cesium  beam 
or  cable  falls,  the  DTF  continues  oscillating  at  the 
last  available  frequency  -  its  drift  3t  this  point 
determined  by  a  high  quality  crystal. 

Conclusions 

After  examining  these  various  methods  of  time 
transfer  it  was  concluded  that  they  arc  complementary 
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as  shown  In  Figure  18.  The  results  have  shown  that 
a  user  of  precision  time  does  not  necessarily  need  a 
highly  precise  clock  in  his  lab  to  maintain  precision 
time.  A  less  precise  clock  could  be  kept  on  time  by 
the  use  of  one  of  the  described  time  transfer  tech¬ 
niques.  The  combination  of  all  these  techniques  yields 
a  time  and  frequency  distribution  network  of  high 
accuracy  to  serve  as  a  base  for  navigation,  time¬ 
keeping,  and  comunications. 
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Power  -  i  watt 
Clinton  bandwidth  -  2019 
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Trane.  freq.  -  M15  M1U 
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from  Master  Clock 


Results 

Total  tima  delay  -  <0.6  mlcroiaconns .  (0,5  mlcto.acond.  cabla  daisy  at 
Nival  Obiervatory ,  0.<  mlcroiarnnda  dalay  in  trammlit.r  and  r.c.lvtr 
').«  micro.ocnnda  cabla  dalay  at  NHL.  39.3  mlcroaacondi  aa  tlma 
t/avalad  In  air,  Thla  la  aqulyalant  to  7.3  mllai.) 

J’rrclalon  •  i,3  nanoaaconda  for  ona  day  avaraga. 

i^aso  accuracy  -  10  nanoseconds. 

Tick  jitter  -  22  nanoseconds  tick  to  tick  (average  error  over  1  minute  wai 
S  nanoseconds) . 

Tima  tranafar  to  battar  than  0. 1  mlcrotaconda  Kava  baan  aehlauad. 
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Figure  10.  Remote  Time  Transfer  (Before  Frequency  Set) 
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T.V,  Station 


COMPLEMENTARY  LOCAL  TIME  TRANSFER  METHODS 


INTERNATIONAL  COORDINATED  CLOCK  TIME 
AND  THE  COMING  IMPROVEMENTS  IN  THE  SYSTEM  "UTC1 


G.  M.  a.  WinUor 
U.  S.  Naval  Observatory 
Washington,  D.  C. 


Abstract 

Clock  tine  is  defined  by  epoch  and  rate.  Refer¬ 
ence  to  an  atomic  resonance  produces  a  local  or  "prop¬ 
er"  atomic  time  scale.  For  all  practical  purposes,  it 
is  necessary  to  consider  Che  following  complications: 

1.  Clock  Dispersion.  One  clock  does  not  define  a 
time  scale.  A  procedure  must  be  given  to  construct  a 
time  scale  without  dependence  on  particular  clocks.  On 
the  non-local  level  this  requires  COORDINATION. 

2.  Relativity.  Space-time  geometry  is  not 
strictly  Euclidic.  This  necessitates  the  concept  of  a 
"coordinate"  time  vs.  proper  time  with  the  concept  of 
"origin." 

3.  Linkage  to  other  time  scales,  particularly  to 
UT.  This  requires  a  further  compromise  with  unpre¬ 
dictable  adjustments. 

Many  users  are  represented  by  various  organiza¬ 
tions  with  interests  and/or  responsibilities  in  time¬ 
keeping: 

a.  The  scientific  unions  under  ICSU  and 
UNESCO:  IAU,  IUGG  and  URSI. 

b.  The  treaty  organizations:  CCIR  (ITU), 
CIPM  (Treaty  of  the  Meter). 

c.  The  "Executive  Agent"  Bureau:  BIH. 

Their  functions  are  discussed.  Coming  Improvements, 
upon  which  these  groups  have  decided,  will  be  the 
dropping  of  the  "offset,"  one  second  step  adjustment 
and  a  "AUT"  code  to  be  implemented  1  January  1972. 
Details  are  given. 


Clock  Time 

D.  H.  Sadler,  H.  M.  Nautical  Almanac  Office,  has 
proposed  the  more  general  use  of  this  term  in  order 
to  provide  a  clear  and  necessary  distinction  between 
time  as  defined  by  a  sequence  of  events  in  relation  to 
a  theory  (ET,  UTO,  etc.)  and  clock  time  which  is  de¬ 
rived  in  a  process  of  integration.  Time  is  determined 
after  the  fact;  clock  time  i3  directly  available. 

Time  is  uniquely  determined  with  low  precision;  clock 
time  is  available  with  very  great  precision  but  it 
cannot  be  defined  without  some  degree  of  arbitrari¬ 
ness.  Nevertheless,  clock  time  has  always  been  the 
vehicle  for  coordination  of  activities  and  the  mea¬ 
surement  of  all  other  "times".  We  are  here  only 
interested  in  clock  time.  Time  enters  our  picture, 
however,  in  relation  to  users'  needs  and  acceptable 
tolerances. 


Any  two  clocks,  even  the  best,  diverge  on  the 
average,  at  least  with  the  square  root  of  the  observa¬ 
tion  interval.  In  addition,  modern  atomic  clocks  have 
operated,  uninterrupted,  only  a  few  years.  At  the 
U.  S.  Nuval  Observatory,  we  define  clock  time  (both 
UTC  and  A.l)  as  a  computed  average  of  the  readings  of 
a  group  of  independently  operating  cesium  beam  clocks. 
Procedures  have  been  established  to  insure  that  clocks 
can  be  added  or  replaced,  ideally,  without  Introducing 
steps  in  time  or  rate.  We  feel  that  this  is  a  great 
improvement  over  tl.e  procedures  used  from  the  begin¬ 
ning  (19S6)  and  it  is  a  method  which  can  be  extended 
over  any  set  of  timekeeping  centers  as  was  proposed  by 
B.  Guinot.  It  is  the  only  method  which  allows  the 
production  of  a  most  uniform  clock  time  with  maximum 
reliability  locally  and,  with  some  degree  of  degrada¬ 
tion  due  to  the  effects  of  measurement  delay  times  and 
noise  upon  the  "control  loop",  it  also  allows  the  pro¬ 
duction  of  an  Improved  internationally  coordinated 
time. 

At  this  point  it  becomes  clear  that  there  is  a 
significant  practical  difference  between  the  operation 
of  a  modern  atomic  clock  and  a  frequency  standard. 

Since  the  atom  cannet  be  observed  without  any  distur¬ 
bances  and  errors,  it  turns  out  that  one  has  a  choice: 

a.  To  keep  the  disturbances  small  but  constant, 
or 

b.  To  determine  the  disturbances  frequently  in 
a  process  of  calibration, 

a.  represents  the  operation  of  a  clock;  b.  represents 
u  frequency  standard.  In  our  experience  the  Interests 
of  timekeeping  (uniformity,  reliability,  redundancy) 
require  procedure  a.  Procedure  b.  is  necessary  to 
determine  the  "true"  frequency  of  the  atoms  of  interest 
(cesium,  thallium,  hydrogen,  etc.).  In  the  past  we 
have  adjusted  the  basic  frequency  for  clock  time 
operations  very  infrequently.  For  instance,  the 
avsrage  frequency  used  since  1968  has  not  been  changed 
noticeably  at  the  U.  S.  Naval  Observatory.  All  im¬ 
provements  Introduced  affected  merely  the  random  walk 
of  the  "Mast  r  Clock"  used  (reference  (1)).  It  is 
clear  from  such  experience  that  one  can  today  derive 
time  scales  approaching  a  uniformity  of  about  100 
nanoseconds  in  100  days  (10_1“)  using  ordinary  but  well 
selected  commercial  cesium  beam  clocks,  properly 
operated,  as  a  "reference  assembly"  without  knowing 
where  the  actual  frequency  of  cesium  is  within  one 
part  in  1012. 


Coordinated  Coordinate  Time 

Because  of  random  walk,  all  clocks  diverge  from  a 
mean  time  scale.  In  addition,  the  lntcrcomparlson 
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between  distent  clocks  cannot  be  done  continuously, 
end  the  delays  and  the  measurement  (phase)  noise 
involved  degrade  the  uniformity  of  an  average  of 
widely  spatially  distributed  clocks.  A  good  compromise 
is  a  hierarchy  of  coordinated  clocks,  all  of  which  must 
make  small  adjustments  from  time  to  tine  in  order  to 
remain  within  specified  tolerance  limits  of  the  system. 

The  group  tolerances  can  be  smaller  the  further 
down  one  goes  into  the  "local"  level.  At  the  present 
time  we  experience  the  need  for  about  four  (4)  such 
levels:  the  international  level  (Bill,  level  (1));  the 
National  Tine  Services,  level  (2);  which,  in  turn,  is 
composed  of  a  series  of  major  time  using  and  dis¬ 
tributing  centers,  level  (3);  and  finally  the  user 
clock  level  which  is  often  structured  even  further. 

The  National  Time  Services  should  be  responsible  for 
coordination  of  activities.  Currently  our  coordinated 
time  (UTC)  specifics  1  millisecond  clock  time  tolerance 
and  few  time  services  have  had  to  make  small  steps  in 
the  past  few  years,  With  presently  available  clocks, 
the  tolerance  could  easily  be  reduced  to  100  micro¬ 
seconds  for  the  level  (3)  and  to  10  microseconds  within 
the  level  (3)  groups.  A  gradual  tightening  of  toler¬ 
ances  is  recommended  because  of  the  need  for  more 
experience  at  the  working  level.  After  several  years, 
these  tolerances  could  be  further  reduced. 

In  the  United  States  and  in  France,  examples 
for  high  precision  coordination  exist.  In  the  Inter¬ 
est  of  improved  coordination  between  the  National 
Bureau  of  Standards  (NBS)  and  the  U.  S.  Naval  Observa¬ 
tory  (USNO),  all  measurements  at  Che  USNO  are  referred 
to  a  coordinated  clock  known  as  the  USNO  Master  Clock 
and  designated  as  MC(USNO).  This  clock  differs  by  very 
small  amounts  from  the  internal  (Local)  USNO  clock  time 
reference  which  is  designated  Mean  (USNO).  The  fre¬ 
quency  difference,  during  1969  for  example,  was  as 
follows: 

~^F7^an^a'n^  “  0  bcfore  1  “ay  1969 

JK^pan).  .  -  x  x  xo-13  afCer  1  May  1969. 

F(Mcan) 

For  most  timing  applications  these  changes  are  insigni¬ 
ficant  since  they  are  less  chan  the  random  fluctuations 
of  individual  atomic  clocks.  By  agreement,  opposite, 
frequency  adjustments  have  been  introduced  by  NBS. 

The  coordinated  clocks  of  these  two  agencies  have  been 
within  5  microseconds  since  July  1968.  The  internal 
(local)  time  scales  serve  as  a  basis  for  the  Bureau 
International  de  l'llcurc  (Bill)  time  scale.  The  co¬ 
ordinated  clocks  arc  used  for  all  external  measure¬ 
ments.  The  adjustments  arc  published  in  Time  Service 
Bulletins,  Scries  11. 

Anothec  aspect  of  systems  of  widely  distributed 
clocks,  as  yet  relatively  insignificant,  must  be  care¬ 
fully  considered  in  view  of  new  technological  develop¬ 
ments.  Tills  aspect  is  twofold  and  should  be  described 
without  reference  to  a  particular  theory  (general 
relativity)  but  need  only  refer  to  the  two  effects 
which  are  on  safe  experimental  grounds  and  which  can 
be  considered  separately  for  our  purpose: 

1.  The  gravitational  "red  shift". 


2.  The  transversal  Doppler  effect  (Lorentz 
Transformation) . 

The  frequency  of  a  moving  clock  is  increased  by  a 
relative  amount  of  approximately 


AF 

F 


J  V2), 


wltcrc  A i  is  the  difference  in  gravitational  potential 
and  c  is  the  velocity  of  light.  Tills  amounts  to  about 
1.1  part  in  10'3  for  an  altitude  difference  of  1  km 
at  rest.  If  the  clock  moves  in  a  jet  plane  at  10  km 
altitude  and  at  a  speed  (v)  of  1000  km  per  hour,  the 
effect  is  about  +  6  x  10“ 12  jUe  to  both  terms.  Our 
present  flying  clock  operations  are  Just  at  the  point 
where  these  6mall  corrections  will  have  to  be  applied. 
The  effect  con  be  different,  however,  depending  on  the 
direction  of  the  flight  (reference  (2)), 

In  other  words,  for  terrestrial  purposes  we  have 
to  specify  a  reference  level  of  gravitational  poten¬ 
tial,  and  it  appears  natural  to  use  sea  level  as  the 
reference  or  "origin"  for  future  "coordinate  clock 
time"  systems  (time  is  used  here  as  n  "coordinate"). 
Tlie  Bill  in  Paris  has  actually  been  adopted  as  refer¬ 
ence.  One  can  ignore,  at  present,  the  annual  varia¬ 
tion  in  the  rate  of  atomic  clocks  due  to  the  elllp- 
tlclty  of  the  orbit  of  the  earth-moon  system  around 
the  sun  since  it  is  of  no  practical  consequence  for 
operations  on  the  surface  of  the  earth.  Astronomers , 
however,  arc  concerned  with  this  effect  (annual 
variation  is  about  2  x  10“10)  for  example,  in  pulsar 
observations  (J.  C.  Duthlc  and  Paul  Murdin,  University 
of  Rochester).  See  also  reference  (3). 


Difference  Between  Time  and  Time  Interval 

In  order  to  have  any  widespread  usefulness,  a 
time  scale  must  suffer  some  adjustments  or  compromises 
in  the  Interest  of  its  applicability  in  nature.  A  time 
scale  cannot  be  compared  with  other  physical  scales  as 
length,  temperature,  etc.  This  is  the  root  of  many 
misunderstandings.  Rather,  a  time  scale  can  be  com¬ 
pared  to  a  coordinate  system  similar  to  the  geodetic 
grid  used  on  the  surface  of  the  earth. 

In  analogy  to  length  measurements,  time  interval 
can  correspond  to  the  distance  between  two  locations, 
a  and  b,  on  the  surface  of  the  earth.  Tills  can  be 
measured,  either  directly  or  by  reference  to  geodetic 
or  astronomical  coordinates  of  a  and  b.  In  the  second 
case  a  computation  has  to  be  performed  taking  into 
account  the  non-uniformity  of  the  coordinate  system 
on  the  surface  of  the  earth  due  to  the  oblateness  ol 
the  earth's  spheroid.  Similarly,  time  scales  arc  in 
existence  corresponding  to  such  coordinate  systems 
which  may  or  may  not  be  uniform  but  do  allow  the 
measurement  of  time  intervals  by  applying  well  known 
corrections. 

If  one  measures  distance  over  short  intervals, 
then  one  should  do  it  directly  in  relation  to  the 
standard  meter  and  not  by  giving  the  coordinates  of 
the  two  points.  On  the  other  hand,  we  accept  it  as 
entirely  practical  to  compute  very  great  distances 
from  the  coordinates  even  if  the  grid  is  not  uniform 
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but  distorted  (spheroid)  as  long  as  we  know  that  dis-  Adjustments  to  Universal  Time 

tortion.  The  situation  here  too,  is  a  compromise  in 

deference  to  the  same  cause  —  our  "imperfect"  earth.  Requirements  for  Time 

Very  similarly,  if  we  Insist  on  using  the  global  Time,  in  the  sense  "time  of  day",  is  needed  as 

international  timing  system  for  laboratory  "absolute"  one  of  the  fundamental  parameters  in  astronomical  and 

frequency  calibrations  instead  of  using  the  standard  navigational  tables.  Tills,  together  with  the  requlre- 

of  frequency,  cesium  atoms  in  the  local  frame  of  meats  of  civil  use  (scheduling,  legal  time,  etc.), 

reference,  then  we  have  to  pay  the  price  of  applying  necessitates  a  close  link  of  time  signals  with  diurnal 

small  but  precisely  known  corrections.  phenomena,  i.e.,  mean  solar  time.  On  the  other  hand, 

numerous  new  global  electronic  systems  demand  synchro- 
In  summary  the  following  points  are  ,--'>rtant:  nized  operation  with  a  precision  of  about  one  micro¬ 

second.  Some  of  these  systems  cannot  tolerate  the 

A  hierarchical  system  of  coordinated  time,  small  time  steps  or  frequency  changes  required  in  the 

existing  now  in  a  rudimentary  stage,  can  be  developed.  present  UTC  system  where  the  frequency  of  occurrence 

Corrections  for  "relativity"  effects  are  small  and  of  both  is  in  the  dangerous  zone  of  "too  often,  but 

can  be  applied  easily  when  required.  Small  adjust-  not  frequently  enough".  Aircraft,  for  example,  may 

ments  must  be  made  regularly,  necessitating  the  con-  soon  be  using  microsecond  timing  systems  which  cannot 

tinued  existence  of  two  clock  time  scales  at  major  tolerate  these  changes  for  either  safety  or  logistic 

centers:  reasons.  In  view  of  these  new  developments  certain 

improvements  have  been  decided  upon  by  the  bodies 

(1)  The  local,  proper,  "atomic"  time,  never  previously  mentioned.  Essentially,  the  changes  to 

to  be.  adjusted,  for  the  purpose  of  the  definition  of  take  place  1  January  1972,  O'1  UT  are  as  follows: 

clock  time  (A. 1,  Mean  at  the  U.  S.  Naval  Observa¬ 
tory).  1.  He  will  discontinue  the  "offset". 

2.  He  will  approximate  UT  with  a  larger  toler- 

(2)  A  "coordinated"  time  to  be  distributed  ancc  by  stepping  exactly  1  second  when  necessary 

for  the  realization  of  a  generally  available  time  (about  once  per  year,  preferably  on  the  last  second 

scale  (UTC).  of  31  December  or  30  June). 


The  international  scientific  unions,  URSI,  IUCG 
and  particularly  the  International  Astronomical  Union 
(IAU)  have,  in  the  past,  been  most  concerned  with  the 
scientific  and  practical  aspects  of  the  determination 
and  use  of  the  various  time  scales  including  clock 
time.  The  Bill  plays  the  role  of  the  executive  agent 
for  the  coordination  and  prompt  publication  of  time- 
related  matters.  It  is  sponsored  by  the  IAU  and 
receives  a  little  support  from  UNESCO  through  "FAGS", 
the  Federation  of  Astronomical  and  Geophysical 
Services.  More  recently,  the  "Treaty  of  the  Meter" 
with  its  various  bodies  CIPM,  BIPM,  etc.,  has  formally 
defined  the  (atomic)  Second  as  a  base  unit  of  the 
"Systbme  International"  (SI)  and  has  also  formally 
defined  an  International  Atomic  Time  Scale  (IAT)  for 
common  reference  purposes  (in  agreement  with  the  IAU 
definition)  to  be  kept  by  the  Bill. 


Based  on  this  current  interest,  the  BIH  also 
acts  as  an  agent  for  the  CIPM  in  regard  to  the  IAT. 


The  International  Telecommunications  Union  (ITU), 
with  its  advisory  body  the  Int  lonal  Consultative 
Committee  for  Radio  (CCIR) ,  ap  >n  standards  for 
radio  time  signals  and  standard  . ,ec,ency  transmis¬ 
sions  including  assignments  of  protected  frequency 
bands,  etc. 


It  is  clear  that  changes  in  policy  or  procedures 
require  a  great  degree  of  coordination  and  a  rather 
deliberate,  conservative  approach  in  order  to  avoid 
vacillation  and  confusion.  Steady  pjogress,  however, 
has  been  achieved  in  adapting  our  procedures  and 
standards  to  the  ever  developing  needs  and  capabil¬ 
ities  of  modern  technology. 


This  method  of  using  "leap"  seconds  is  exactly  analo¬ 
gous  to  the  calendar  adjustments  with  its  leap  day. 
Since  UT1  is  required  by  most  users  in  astronomy, 
navigation  and  geodesy,  additional  information  will 
be  available  on  the  time  signals  which  will  give  the 
difference 

AUT  -  UT1  -  UTC  (Time  Signal) . 

The  CCIR  has  recommended  a  special  code  (nee  ap¬ 
pendix  C).  Hie  use  of  volte  or  Morse  Coda  to  pro¬ 
vide  the  necessary  correction  for  the  use  of  time 
signals  in  observations  of  "Hour  Angle"  is  also 
possible. 

The  following  details  will  apply: 

a.  On  1  January  1972  01'  UT  we  will 

(1)  Increase  the  frequency  of  UTC  by 

300  x  10*10. 

(2)  delay  (retard)  UTC(USNO)  by  approxi¬ 
mately  107,607  microseconds.  (Hie  exact  amount  will 
be  announced  in  the  fall  of  1971.) 

b.  After  these  adjustments  we  will  have; 

(1)  IAT  -  UTC(USNO)  -  10.0  sec  (until  the 

next  step). 

(2)  AUT  *  +  0.1  sec  (decreasing  at  a  rate 
of  about  2.5  ms  per  day). 

c.  The  first  1  sec  step  can  be  anticipated 
for  the  end  of  Juno  1972. 

He  realize  that  the  frequency  change  will  create 
special  problems  for  those  users  of  atomic  frequency 
standards  (cesium  beam,  rubidium  gas  cell)  who  do  not 
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have  provisions  available  for  such  changes. 


However, 
for  the  pur; 
changes . 
to  take  ' i 


the  nev  system  nas  been  decided  upon 
s  of  eliminating  future  frequency 
-e  all  Dechers  of  the  time  community 
steps"  to  make  the  transition  easy. 


ANNEX  A 


ferred  to  as  a  "leap"  second  (in  French:  inter- 
calalre) . 

9.4  The  tine  of  an  event  given  in  the  old  scale, 
before  the  leap  second,  will  be  given  as  a  date  in  the 
previous  month,  exceeding  24h  if  necessary.  The  tine 
of  an  event  given  in  the  scale  after  the  step  will  be 
given  as  a  date  in  the  new  month,  with  a  negative  tine, 
if  necessary. 


XIV  CENERAL  ASSEMBLY  IAU  —  BRIGHTON  1970 
Commission  31  -  Resolution  fll  -  24  August  1970 


Commission  31  nakes  the  following  recocmcndatlons : 

1.  That  the  frequency  offset  of  UTC  be  made  zero, 
effective  Oh  January  1972. 

2.  That  step  adjustments  shall  be  exactly  1B.  When 
a  step  adjustment  is  made  it  shall  be  at  the  last 
second  of  a  UTC  month  wich  preference  for  31  Decetber 
or  30  June.  These  step  adjustments  will  be  decided 
upon  and  announced  as  early  as  possible  by  the  Bill. 

3.  The  maximum  difference  |UTC  -  UTlj  will  be  less 
chan  0?7  unless  there  are  exceptional  variations  in  the 
rotation  of  the  Earth. 

4.  Special  adjustment.  The  BIH  will  also  announce 
a  unique  fraction  of  a  second  adjustment  to  be  made  at 
0h  1  January  1972,  so  chat  UTC  and  the  international 
Atomic  Time  Scale  (IAT,  in  French  TAI)  will  differ  by 
an  Integral  number  of  seconds. 

5.  The  emission  times  of  time  signals  from  co¬ 
ordinated  stations  shall  be  kept  as  close  Co  UTC  (BIH) 
as  feasible  with  a  maximum  tolerance  of  1  ms. 

6.  Nomenclature. 

6.1  Clocks  in  common  use  will  indicate  the 
minutes,  seconds  and  fractions  of  UTC  (French:  TUC). 

6.2  Hie  terms  "C.M.T."  and  "Z"  are  accepted  as 
the  general  equivalents  of  UTC  in  navigation  and  com¬ 
munications. 

7.  The  term  AUT  is  defined  by:  AUT  -  UT1  -  UTC. 
Extrapolated  and  final  values  of  AUT  will  be  issued  by 
astronomical  observatories  and  the  BIH,  and  will  be 
given  the  widest  possible  distribution. 

8.  All  standard  time  signal  emissions  must  include 
information  which  will  enable  a  user  to  obtain  UT1  with 
a  precision  of  at  least  Ofl. 

9.  Designation  of  the  epoch  of  step3  in  UTC 

9.1  If  UTC  is  to  be  advanced,  then  second  00 
will  follow  23h  59°  58s  of  the  previous  day. 

9.2  If  UTC  is  to  bo  retarded,  then  the  second 
of  the  previous  day  23h  59°  60s  will  be  followed  by 
the  next  second  0h  00°  008  of  the  first  day  of  the 
month. 

9.3  The  stepped  second  will  be  commonly  rc- 


NOTE:  Commission  31,  taking  into  account  the  con¬ 
flicting  requirements  of  the  various  users  of 
UTC,  including  the  large  number  of  those  re¬ 
quiring  immediate  knowledge  of  hour  angle,  con¬ 
sider  that  the  ebove  represents  the  optimum 
solution. 


ANNEX  B 

(From  CCIR  Report  7/13F.,  22  February  1971) 

Dating  of  Events  in  the  Vicinity  of  a  Leap  Second 

A  positive  or  negative  leap  second,  when  required, 
should  be  the  last  second  of  a  UTu  month,  preferably 
31  Deccther  and/or  30  June.  A  positive  leap  second 
begins  at  231'  59°  603  and  will  be  followed  one  second 
later  by  0h  0°  0s  of  the  first  day  of  the  month.  In 
the  case  of  a  negative  leap  second,  23"  59°  58s  will 
be  followed  one  second  later  by  0"  0“  0s  of  the  first 
day  of  the  month. 

Taking  into  account  the  contents  of  this  para¬ 
graph,  dating  of  events  in  the  vicinity  of  a  leap 
second  shall  be  made  us  indicated  in  the  figures  below: 


Positive  leap  second 
event 


Leap  second 


56  57  58  59  60 , 0 


4s 


30  June,  23h.59m.  _ 

1st  July  Oh.Om. 

Designation  of  the  date  of  the  event 
30  June,  23h  59°  60.6s  UTC 


f 


Ncuative  leap  second  event 


I 
I 

56  57  58  I  0  1  2  3  4  5  6 

30  June,  23h.59m.  _  | 1st  July,  Oh.Om. 


Designation  of  the  date  of  the  event 
30  June,  23h  59°  58.9s  UTC 
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ANNEX  C 


Reference 


(From  CCIR  Report  7/13E,  22  February  1971) 

Code  for  the  Transmission  of  DUT1 

A  positive  value  of  DUTl  will  be  Indicated  by 
emphasizing  a  number  (n)  of  consecutive  seconds 
markers  following  the  minute  marker  from  seconds 
marker  one  to  seconds  marker  n;  n  being  an  Integer 
from  1  to  7  Inclusive. 

DUTl  »  (n  x  0.1) s 

A  negative  value  of  DUTl  will  be  Indicated  by 
emphasizing  a  number  (m)  of  consecutive  seconds  markers 
following  the  minute  marker  from  seconds  marker  nine  to 
seconds  marker  (8+m);  m  being  an  Integer  from  1  lo  7 
inclusive. 

DUTl  -  -  (a  x  0.1)s 

A  zoro  value  of  DUTl  will  be  indicated  by  the 
absence  of  emphasized  seconds  markers. 

The  appropriate  seconds  markers  may  be  emphasized, 
for  example,  by  lengthening,  doubling,  splitting,  or 
tone  modulation  of  the  normal  seconds  markers. 

EXAMPLES 

DUTl  -  +  0.5s 


1.  G.  H.  R.  Winkler,  R.  G.  Hall  and  D.  B.  Perclval, 
"The  U.  S.  Naval  Observatory  Clock  Time  Reference 
and  tho  Performance  of  a  Sample  of  Atomic  Clocks", 
Metrologla.  Vol.  6,  No.  A,  October  1970,  pp.  126- 
143. 

2.  J.  C.  Hafele,  "Relativistic  Behavior  of  Moving 
Terrestrial  Clocks",  Nature,  Vol.  227,  No.  5255, 

18  July  1970,  pp.  270-271. 

3.  G.  tl.  Cleoence  and  B.  Szebehely,  "Annual  Variation 
of  an  Atomic  Clock",  Astronomical  Journal.  Vol.  72, 
No.  10,  Deceaber  1967,  pp.  1324-1326. 


Minute 

marker 


Emphasized  seconds  markers 


JWmiKRTLruii 

0  1  23  4  5  6  /  81 


DUTl  -  -  0.2s 


I 

I 


Emphasized  seconds  markers  J 

jTJ^LrurnjTJilR 

8  9  10  11  12  13  14  15  I  16 

limit  of  coded  sequence 
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FREQUENCY  MODULATION  ANALYSIS  WITH  THE  HADAMARD  VAklANCE 


Richard  A.  Baugh 
Hewlett  Packard  Company 
Santa  Clara,  California 


Introduction 


It  has  been  shown  that  the  spectral  den¬ 
sity  of  a  signal  source  can  be  derived  from 
time  domain  measurements  made  with  a  frequency 
counter  (1)  if  the  spectral  density  is  of  the 
form 


Sylt)  -l"  n  *  -3.  -2,  -1.0.  etc.  and  ( <  (c 
Sy(f)  ■  0  otherwise. 


This  involves  plotting  the  sample  vari¬ 
ance  versus  averaging  time  and  measuring  the 
assymptotic  slope.  The  development  of  frequen¬ 
cy  counters  which  can  be  programmed  to  make 
measurements  and  do  arithmetic  calculations 
simultaneously  makes  it  possible  to  do  high  re¬ 
solution  spectral  analysis  on  signal  sources. 
The  counter  is  programmed  to  do  an  operation 
resembling  the  Hadamard  transform  (2),  similar 
to  the  finite  Fourier  transform  but  with  the 
sine  and  cosine  functions  replaced  with  square 
waves . 


Properties  of  the  Allan  Variance 


Because  the  spectral  density  of  frequency 
fluctuations  almost  always  has  a  singularity 
at  f=0  special  statistical  quantities  such  as 
the  Allan  variance  must  be  used  (1).  oJ(2,ii  , 
the  Allan  variance,  is  defined  as  the  mean 
square  value  of  >/»(yk  -  yk(|): 


where  yk  is  the  fractional  frequency  averaged 
from  t^to  tk  +  t: 

tk*r 

yk  •  l/r  J  y(l|dl 

and  Ik+I 

In  order  to  understand  the  relationship 
between  the  Allan  variance  of  a  signal  source 
and  the  spectral  density  of  its  frequency 
fluctuations  a  non-mathematical  example  can  be 
given:  If  as  shown  in  Fig.  1(a)  the  averaging 
time,  t,  is  equal  to  a  half-period  of  the  sin¬ 
usoidal  frequency  modulation  and  is  in  phase 
with  it  then  the  Allan  variance  will  be  large. 


If,  however,  the  measurement  time  is  not 
approximately  equal  to  a  half  period  or  if  it 
is  in  quadrature  with  the  modulation  (Fig. 

1(b)),  then  the  Allan  variance  will  be  much 
smaller.  Thus,  one  would  expect  the  Allan  var¬ 
iance  to  depend  primarily  on  modulation  compon¬ 
ents  near  f  =  l/2x. 

Placing  the  definition  of  y.  inside  the 
statistical  averaging  bracket  the  Allan  vari¬ 
ance  becomes  the  mean  square  value  of  a  convolu¬ 
tion  integral. 


with  hit)  «-1/\/2r  -r<  t  <0 

i/n/5?  o  <  n  i 

0  otherwiw. 

The  instantaneous  frequency  is  convolved 
with  a  function  h(t)  which  resembles  the  mea¬ 
surement  sequence.  Replacing  the  convolution 
with  a  filter  whose  impulse  response  is  h(t)  it 
is  now  possible  to  separate  the.  various  opera¬ 
tions  involved  in  obtaining  the  Allan  variance. 

The  output  of  a  linear  system  is  the  input 
convolved  with  h(t)  or,  since  the  Fourier  trans¬ 
form  of  a  convolution  is  the  product  of  the  two 
Fourier  transforms, 

SVill)  Sy(«  •  ;»«(«!' 

where  H(f)  is  the  transfer  function  or  Fourier 
transform  of  the  impulse  response,  h(t),  and 
S  (f)  and  S  (f)  are  the  spectral  densities  of 
tne  input  ani  output.  Consequently,  the  re¬ 
lationship  between  oj(2,t),  the  Allan  variance, 
and  the  spectral  density  is 

o’ (2.rl  j  Sy(f)  I  H(f|  <11 
0 

The  transfer  function  for  the  Allan  vari¬ 
ance,  shown  in  Fig.  3,  has  a  broad  peak  near 
f  =  1/(2t).  Because  this  peak  is  so  broad  the 
Allan  variance  is  not  particularly  useful  for 
spectral  analysis. 
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Properties  of  the  Hadamard  Variance 


Another  statistical  quantity,  the  Hada- 
mard  variance,  can  be  defined  which  has  a  much 
narrower  transfer  function,  making  if  useful 
for  spectral  analysis  of  frequency  modulated 
signals.  In  this  method  the  frequency  is  av¬ 
eraged  over  many  successive  time  intervals  and 
alternately  added  ans  subtracted.  The  Hada- 
mard  variance  is  the  mean  squared  value  of 


-•Vk*2  +^k+3  -%k+2N*' 

Specifically, 


The  Allan  variance  is  one  half  times  the  Hada- 
mard  variance  with  N  =  1. 


Packard  5360A,  a  programmer,  and  a  square  wave 
generator  which  is  used  to  adjust  the  measure¬ 
ment  sequence.  The  equipment,  illustrated  in 
Fig.  8,  can  measure  low  frequency  FM  sidebands 
and  spectral  purity,  non-linearity  and  inter¬ 
modulation  in  FM  modulators,  and  with  the  aid 
of  a  voltage-to-frequency  converter  it  can  be 
used  for  sub-audio  spectral  analysis. 


Appendix  A 

Obtaining  the  FM  Deviation  and  Spectral  Den¬ 
sity  from  the  Hadamard  Variance. 


In  order  to  translate  Hadamard  variance 
measurements  into  more  useful  quantities  it  is 
necessary  to  know  the  exact  mathematical  rela¬ 
tionship  between  the  Hadamard  variance  and  FM 
spectral  density.  It  can  be  shown  that 


where  S 


/ 


|H«)  |*  SlOdf 


0 

(f)  is  the  FM  spectral  density, 


(X) 


The  impulse  response  of  the  Hadamard  var¬ 
iance  is  a  segment  of  a  square  wave  with  N  com¬ 
plete  eyries.  Its  transfer  function,  the  Four¬ 
ier  transform  of  the  impulse  response,  is  shown 
in  Fig.  5.  The  bandwidth  is  1/N  times  the  re¬ 
petition  frequency  since  the  impulse  response 
contains  N  complete  cycles.  The  Hadamard  var¬ 
iance  is  useful  for  spectral  analysis  because 
it  only  responds  to  a  very  narrow  range  of 
frequencies. 

One  disadvantage  of  the  Hadamard  variance 
over  conventional  spectral  analysis  is  evident 
from  Fig.  5.  Since  the  impulse  response  is  a 
segment  of  a  square  wave  (which  containd  odd 
harmonics)  spurious  responses  are  present.  A 
frequency  counter  programmed  to  respond  to  fre¬ 
quency  modulation  at  a  frequency  1/2t  would  al¬ 
so  respond  to  any  modulation  which  was  present 
at  3/2t,  5/2t,  et',-. .  This  can  be  partly  elim¬ 
inated  by  putting  a  delay  or  dead  time  between 
frequency  averages.  The  optimum  dead  time  is 
50%  of  the  measurement  time.  One  can  say  that 
a  square  wave  with  50%  dead  time  is  a  better 
approximation  to  a  sine  wave  than  a  square  wave 
with  no  dead  time.  The  50%  dead  time1  elimi¬ 
nates  the  third,  ninth,  fifteenth,  etc.,  har¬ 
monic  responses  as  illustrated  in  Fig.  6. 

The  measurement  sequences  illustrated  in 
Figs.  5  and  6  produce  transfer  functions  with 
large  sidolobes.  These  sidelobes  can  bo  modi¬ 
fied  or  eliminated  by  multiplying  the  impulse 
response  by  an  appropriate  envelope  function. 
The  so-called  Hanning  and  Hamming  windows  are 
envelope  functions  used  for  the  same  purpose  in 
digital  Fourier  analysis  (3).  An  example  of  an 
envelope  function  for  the  Hadamard  variance  is 
given  in  Fig.  7.  The  envelope,  which  consists 
of  the  binomial  coefficients,  completely  elim¬ 
inates  the  sidelobes. 


Applications 


The  Hadamard  variance  is  a  useful  measure¬ 
ment  method  because  it  extends  frequency  domain 
measurements  down  to  sub-audio  frequencies  and 
because  it  measures  frequency  modulation  direct¬ 
ly.  It  can  be  implemented  with  a  programmable 
high-frequency  counter  such  as  the  Hewlett- 


H(f)  *  2n; 


I>c(2FTy)s'nc  2N,"TD1(,-57rrr"i) 


n  «  1.3.5 


(2) 


the  sine  function  is  defined  as 

.  »inl»»l 
sine  (x)  *  — — —  , 


is  the  measurement  time. 


T_  is  the  dead  time  between  measurements 
u  and 

N  is  the  number  of  complete  cycles  in 
the  measurement. 


The  amplitude  of  an  FM  component  at 


1  • 


IS  At„ 


1 


2  (r  •  T0I 


(3) 


ims  a, 

where  a„  *  2N  sine  (577—) . 

assuming  that  the  phase  of  the  FM  component  is 
uniformly  distributed  between  0  and  2m  radians 
Similarly,  the  amplitude  of  an  FM  component  at 
an  arbitrary  frequency  is 

*  ThoTT 

Since  the  equivalent  noise  bandwidth,  B„ , 
of  each  peak  in  the  frequency  response  is  N 

°N  m  •  2iT7 TDI 

the  integral  of  Eq.  0  can  be  replaced  by  a 
sum, 

®H  ,r'TD  N!  >  »*>  A"S  (Wh^) 

(5) 


n  - 


1  3,5  — 
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For  bandlimi.ted  noise  which  is  zero  for 

i  — 3 —  the  relationship  between  the  Hada- 

('♦T0I 

mard  variance  and  the  FH  spectral  density 
evaluated  at 

l  -  '■  —  is  simply 

2(ri  T0) 


s  -  ,2N> *  To>  (xr)1  °h 


(6) 


If  the  noise  is  handiimited  at  a  higher 
frequency  so  that  there  is  also  a  noise  con¬ 
tribution  from  the  third  or  higher  harmonic 
responses  of  the  Hadamard  variance  then 

°HWrD-N»  ’  2N(r  +  T0l[A'S(2<r*T0))  *  A’S  (2  (r  ♦  TQ))  ""] 


y(»l 


INSTANTANEOUS  FREQUENCY 
FIGURE  I 


FIGURE  2 


(7) 


s  ‘  ,2NI  (r  *  To'  (/£)  ’  °h  (rJoN) 

-'A>/A->’<5TrM 

'  IA»/Ai»,s(2(,  ♦t0i)"" 

This  shows  that  some  measurement  of  the 
noise  at  the  third  and  higher  harmonics  must 
be  made  before  noise  at  the  fundamental  can  be 
calculated. 
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Summary 

We  measured  the  frequency  stability  of  a  pair  of 
commercial  5-MHz  quartz  crystal  oscillators  which 
incorporate  improved  electronic  design  for  enhanced 
short-term  stability.  The  spectral  density  (frequency 
domain)  of  the  phase  noise,  per  oscillator,  measured  by 
each  of  our  two  laboratories,  is 
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Two  commercial  quartz  crystal  oscillators 
incorporating  these  design  factors  were  measured  in 
Neuchatel,  Switzerland  and  then  shipped  to  Boulder, 
Colorado  for  further  measurement.  The  spectral 
density  (frequency  domain)  of  the  phase  noise,2,  ^  per 
oscillator,  measured  by  each  of  our  two  laboratories, 
is 
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over  the  range  of  about  10“’  Hz  to  10+3Hz. 
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Discussion 
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There  are  several  aspects  of  electronic  circuit 
design  which  must  be  carefully  considered  in  order  to 
achieve  high  short-term  frequency  stability  in  quartz 
crystal  oscillators.  Wc  report  an  advance  of  more  than 
ten  decibels  in  the  state-of-the-art  for  high  quality 
«5  MHz  quartz  crystal  oscillators  in  the  noise  fre¬ 
quency  range  of  1  to  100  Hz.  The  most  important  design 
factors  were  A)  measurement  and  selection  of  tran¬ 
sistors  for  the  lowest  possible  flicker  of  phase  noise1 
(oscillating  loop  and  buffer  stages),  B)  measurement 
and  selection  of  transistors  and  diodes  for  the  lowest 
possible  DC  flicker  noise  (voltage  regulators,  automatic 
gain  control),  C)  massive  negative  feedback  (DC  and  RF) 
in  the  RF  circuitry  to  stabilize  the  RF  gain  and  to  reduce 
the  flicker  of  phase  noise  of  the  transistors*  (automatic 
gain  control  [AGC]  amplifier,  buffer  amplifiers, 
oscillating  loop  amplifier).  Because  more  negative 
feedback  is  used  in  the  AGC  amplifier  and  in  the  buffer 
amplifiers  than  can  be  used  in  the  oscillating  loop 
amplifier,  the  resultant  flicker  of  phase  noise  perform¬ 
ance  of  the  oscillator  is  determined  by  the  flicker  of 
phase  noise  of  the  transistor  in  the  oscillating  loop. 


over  the  range  of  about  lO"3  Hz  to  10+3  Hz.  See 
Figure  I.  From  Figure  1  we  see  that  there  is  gratifying 
agreement  between  our  two  laboratories  in  the  measure¬ 
ments  of  the  noise  spectral  density.  The  reproducibility 
of  our  frequency  domain  measurements  is  equal  to  or 
better  than  ±2  dB.  Measurements  made  in  the  time 
domain  (Allan  variance2,4)  gave  results  which  were 
compatible  with  our  frequency  domain  measurements. 

See  Figure  2.  This  oscillator  performance  is  obtained 
without  the  use  of  narrowband  filters. 

Each  of  our  measurement  systems  (see  Figs.  J,-l, 

5,  and  6)  was  based  on  the  use  of  low  noise  double- 
balanced  broadband  mixers  using  Schottky-barrier 
diodes. 6  For  most  of  the  measurements,  the  oscil¬ 
lators  are  at  zero-beat  and  in  phase  quadrature;  the 
output  of  the  mixer  is  amplified  in  a  low-noise  DC 
amplifier  and  sampled  both  in  the  frequency  domain  and 
in  the  time  domain.  The  noise  of  our  measurement 
systems  can  be  measured  easily;  in  each  it  is  adequately 
lower  than  the  noise  of  the  oscillators. 

The  measured  oscillator  stability  in  the  range  1  to 
100  Hz  is  about  12  dB  better  than  the  prior  state-of-the- 
art  for  oscillators  of  any  type.  The  stability  (time 
domain)  in  the  10  to  100  second  range  is  not  better  than 
the  performance  of  high  quality  quartz  crystal  oscillators 
which  have  been  commercially  available  for  the  past  eight 
years, However,  with  a  higher  Q^for  the  quartz 
crystal  resonance,  improved  stability  in  the  10  to  100 
second  range  may  be  expected. 


♦Contribution  of  the  National  Bureau  of  Standards, 
net  subject  to  copyright. 
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To  our  knowledge,  this  has  been  the  first  successful 
application  of  low  flicker  of  phase  noise  electronics  to 
high  quality  quartz  crystal  oscillators.  For  examples  of 
other  devices,  sec  references  1,8, 9,  and  10.  Further 
improvement  of  the  oscillator  stability  may  be  possible 
by  further  reduction  of  the  multiplicative  flicker  of  phase 
noise  of  the  electronics.  The  present  Q^  is  estimated  to 
be  about  1  X  10s  on  the  basis  of  the  noise  measurements 
and  is  independently  confirmed  by  an  analysis  of  the 
circuit.  A  value  of  3  X  108  is  possible  with  5  MHz 
crystals;  this  alone  may  allow  a  factor  of  three  improve¬ 
ment  in  the  10  to  100  second  stability,  and  may  accrue 
in  addition  to  the  improvements  in  the  electronics  noise. 
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Figure  1  Spectral  density  of  the  phase  noise  of  the  improved 

commercial  quartz  crystal  oscillator.  The  circles  repre¬ 
sent  measurements  made  at  Neuchatel,  Switzerland.  The 
triangles  represent  measurements  made  at  Boulder, 
Colorado.  The  measurements  were  made  using  1  Hz 
bandwidth.  The  dashed  line,  in  the  region  of  1  to  100  hertz, 
represents  the  prior  state-of-the-art  for  quartz  crystal 
oscillators. 
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Figure  2  The  square  root  of  the  Allan  variance  of  the  fractional 

frequency  noise  y  is  plotted  against  averaging  time  T  for 
the  improved  quartz  crystal  oscillator.  The  circles  (zero- 
beat  method)  and  the  squares  (non-zero-beat  method) 
represent  measurements  made  at  Neuchatel,  Switzerland. 
The  triangles  represent  zero-beat  method  measurements 
made  at  Boulder,  Colorado.  For  all  points,  N  =  2.  For  the 
circles,  B  at  1000  Hz  and  the  dead  time  is  about  0.  1  second 
except  at  r  =  1  Becond  where  the  dead  time  is  1  second. 

For  the  squares,  B  **  1000  Hz  and  the  dead  time  is  1  second. 
For  the  triangles,  B  m  25  Hz  and  the  dead  time  is  negligible. 
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Figure  3  Thit  setup  was  used  at  Ebauches  for  time  domain  measure¬ 
ments  between  1  ms  and  1  s  (see  Fig.  2).  The  voltage- 
controlled  crystal  oscillator  (VCXO)  is  very  loosely  servoed 
(DC  amplifier  gain  is  about  10,  servo  loop  time  constant  is 
about  18  s),  The  first  amplifier  following  the  mixer  is  a 
special  design  for  low  DC  flicker  noise.  The  voltagc-to- 
frequency  converter  has  a  full-scale  output  pulse  rate  of 
100  kHz. 


Figure  4  This  setup  was  used  at  Ebauches  for  time  domain  measure¬ 
ments  for  sampling  times  r  of  one  second  and  greater 
(shown  in  Fig.  2).  The  trigger  module  is  a  Schmitt  circuit 
of  special  design  for  low  DC  flicker  noise. 


Figure  5  The  frequency  domain  measurements  by  NBS  (shown  in  Fig.  1) 
used  this  general  method.  The  spectrum  analyzer  tunes  from 
1  to  5000  Hz  and  has  measurement  bandwidths  of  1,  10,  and 
100  Hz.  The  first  amplifier  following  the  mixer  is  a  special 
design  for  low  DC  flicker  noise. 
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Figure  6  The  time  domain  measurements  by  NBS  (shown  in  Fig.  2) 

used  this  general  method.  The  voltage-to-frequency  converter 
has  a  full-scale  output  pulse  rate  of  100  kHz.  The  Brat  ampli¬ 
fier  following  the  mixer  is  a  special  design  for  low  DC  flicker 
noise. 


THE  DESIGN  AND  PERFORMANCE  OF  AN  ULTRA-PURE,  VHF  FREQUENCY  SYNTHESIZER 
FOR  USE  IN  HF  RECEIVERS 


Max  £.  Peterson 
Collins  Radio  Company 
Dallas,  Texas 


Summary 

This  paper  covers  the  design  of  a  spectrally  pure, 
VHF  synthesizer  for  use  in  HF  transceivers.  The  block 
diagram  is  discussed,  showing  how  100  Hz  frequency  steps 
are  generated,  and  details  of  circuit  design  and  con¬ 
struction  are  presented. 

Introduction 

We  have  known  for  some  time  that  the  best  way  to 
build  HF  receivers  is  to  up-convert  at  the  first  mixer, 
doing  all  of  the  tuning  with  the  first  injection.  The 
basic  requirements  for  this  scheme  are 

(1)  a  mixer  with  low  intermod  products, 

(2)  a  synthesizer  with  low  enough  spurious  signals 
and  noise. 

FET's  have  helped  to  reduce  the  mixer  intermod  products, 
and  the  subject  of  this  paper  is  a  synthesizer  that 
makes  the  up-converting  receiver  a  reality. 

Advantages  of  up-converting  are 

(1)  virtual  elimination  of  all  image  responses, 

(2)  elimination  of  RF  tuning, 

(3)  a  cleaner  frequency  plan  with  fewer  spurious 
frequencies  being  generated. 

Let's  review  some  of  the  requirements  of  a  modern  HF 
receiver  that  set  the  specifications  for  the  first  in¬ 
jection  signal.  Figure  1  shows  a  typical  receiver 
input,  a  low  level  desired  signal  in  the  presence  of  a 
high  level  undesired  signal.  With  no  RF  tuning,  both 
of  these  signals  hit  the  first  mixer  unattenuated.  For 
a  first  IF  frequency  of  109.35  MHz,  the  injection  to  the 
first  mixer  will  be  109.35  -  4.0  MHz,  or  105.35  MHz  at  a 
level  of  approximately  2.5  volts  RMS.  Now  if  a  spurious 
is  present  on  this  injection  signal  at  105.30  MHz,  two 
identical  and  interfering  IF  signals  will  be  generated. 
It  is  necessary  to  keep  the  undesired  signal  at  least 
10  db  below  the  desired  IF  signal.  This  means  all  syn¬ 
thesizer  spurious  frequencies  50  kHz  or  more  from  the 
desired  synthesizer  output  must  be  down: 


20  log  2.5  =  104  db 

17  x  10’6 

(17  uv  is  the  level  of  the  synthesizer  spurious  that 
when  mixed  with  a  .35  v  input  would  generate  an  output 
10  db  below  the  desired  50  uv  output.) 

Since  residual  noise  can  also  mix  the  undesired 
signal  into  the  IF  passband,  the  noise  level  of  the  syn¬ 
thesizer  must  be  down  -139  db  (104  db  +  10  log  3000) 

T 

when  measured  in  a  typical  audio  bandwidth  of  3  KHz. 

The  inband  noise  level  (300  Hz  to  3.3  KHz  from  the  de¬ 
sired  synthesizer  output)  should  be  down  over  40  db  if 
a  single  sideband  receiver  noise  figure  of  40  db  is,  met. 


Since  many  HF  radios  are  used  for  data  handling, 
phase  stability  of  the  synthesizer  is  very  important. 
This  is  in  effect  a  measure  of  the  close-in  noise  level, 
20  Hz  to  300  Hz  from  the  carrier.  There  seems  to  be  an 
infinite  number  of  ways  to  specify  phase  jitter,  but  one 
I  like  and  one  that  approximates  the  use  of  the  signal 
source  in  a  Kineplex  data  terminal  states: 

"The  average  phase  of  a  signal,  when  measured  over 
a  22  ms  period,  shall  not  vary  more  than  7°  when  any  two 
adjacent  22  ms  periods  are  compared." 

An  alternate  method  of  measuring  phase  jitter  will  be 
discussed  later. 

Most  HF  equipment  today  requires  100  Hz  channel 
spacing,  and  extensive  tests  at  Collins  have  shown  that 
to  simulate  a  continuous  tuning  effect  in  a  general- 
purpose  receiver  with  a  synthesized  local  oscillator, 
frequency  steps  of  no  more  than  100  Hz  can  be  used.  In 
conventional  communication  equipment  tuned  by  manually 
selecting  each  frequency  digit,  the  time  required  for 
the  synthesizer  to  change  frequency  is  not  critical. 
However,  to  simulate  continuous  tuning,  the  synthesizer 
must  change  channels  in  25  milliseconds  or  less.  Any¬ 
thing  faster  is  good,  but  for  switching  times  longer 
than  25  ms,  undesirable  tuning  chirps  develop. 

We  can  now  list  the  specifications  for  the  synthe¬ 
sizer  that  make  up-conversion  practical. 


Frequency  Range 

80  -  110  MHz 

Frequency  Steps 

-100  Hz 

Tuning  Time 

£25  ms 

Output  Level 

0.5  v  RMS 

In-band  Noise 
(300  -  3000  Hz) 

£-50  db 

Phase  Jitter 

<7°  p-p 

Noise  Level 

50  KHz  Out 

£-139  db  below  desired 
output  (3  KHz  bandwidth) 

Spurious  Levels 
+10  KHz 

+20  KHz 

£-75  db  below 
output 

£-90  db  below 

desired 

desired 

output 

Synthesizer  Description 
System  Description 
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The  frequency  mixing  scheme  of  the  718U  HF  product 
line  I  :ow  in  production  at  Collins  Radio)  for  which  the 


loop  2  counters  to: 


subject  synthesizer  was  designed,  is  shown  in  Figure  2. 
This  resulted  from  the  combined  effort  of  several  de¬ 
sign  groups  to  make  maximum  use  of  the  frequencies  that 
would  be  required  for  the  synthesizer.  To  generate 
100  Hz  steps  we  knew  we  needed  10  KHz  and  9.9  KHz.  The 
lowest  possible  reference  frequency  that  could  be  used 
was  990  KHz,  but  this  was  not  an  acceptable  VCXO  fre¬ 
quency.  A  compromise  was  made  at  9.9  MHz.  This  pro¬ 
vided  reasonable  IF  frequencies  and  If  injection  fre¬ 
quencies,  and  we  settled  on  the  block  diagram  of  Fig¬ 
ure  3. 

The  synthesizer  consists  of  two  phase-locked 
loops,  with  loop  1  locked  to  a  9.9  KHz  reference  and 
loop  2  locked  to  10.0  KHz.  Mixers  were  used  to  reduce 
the  maximum  operating  frequency  of  each  variable  divid¬ 
er  to  a  frequency  within  the  capability  of  available  TTL 
logic  circuits.  Obviously,  the  VCO  frequency  of  loop  1 
is  determined  by  the  receiver  operating  frequency  and 
is  equal  to: 

fyco-l  *  109'35  mz  -  fRX  <'> 

109.35  MHz  is  the  first  IF  frequency  and  fRX  is  the 
frequency  to  which  the  receiver  is  tuned.  The  selec¬ 
tion  of  the  operating  frequency  for  the  variable  counter 
of  loop  1  was  a  compromise  between  the  maximum  variable 
counter  frequency  of  loop  2  and  the  maximum  bandwidth 
of  the  half-octave  filters  that  are  between  the  antenna 
and  the  first  mixer.  We  knew  that  the  output  of  the 
loop  1  mixer  would  be  present  at  some  level  as  side¬ 
bands  on  the  synt,  esizer  output.  The  last  half-octave 
filter  has  a  12  MHz  bandwidth  which  covers  10  to  30  MHz, 
so  to  prevent  a  spurious  problem,  we  operated  above 
12  MHz. 

Unfortunately,  as  the  operating  frequency  at  the 
output  of  loop  1  mixer  goes  up,  so  does  the  output  of 
loop  2  mixer.  The  lowest  convenient  division  ratio  that 
resulted  for  the  loop  1  divider  was  1400,  for  an  oper¬ 
ating  frequency  range  of: 

Wl  *  <FRl>(Nmax-l>  -  <9900X1499)  -  14.8401  MHz 

(2) 

fmin-l  "  (FriMWi)  ”  (9900)0  400)  =>  13. 8600MHz 

(3) 

The  tuning  ra-ge  of  the  loop  2  VCO  can  now  be  determined 
knowing  that  the  two  least  significant  digits  of  the 
loop  1  divider  represent  the  100  Hz  and  1  kHz  digits  of 
the  operating  frequency. 

If  the  synthesizer  frequency  that  corresponds  to 
an  operating  frequency  of  2  MHz  is  107.35  MHz,  and  the 
loop  1  divider  is  set  for  1400  (100  Hz  and  1  KHz  are 
set  to  zero),  the  frequency  of  VCO-2  is: 

f VCO— 2  ’  107-35*13-860  *  93.490  MHz  (4) 


F2min  =  99.000-93.490  =  5.51  MHz  (6) 

F2max  =  99.000-64.510  =  34.49  MHz  (7) 

Several  examples  (see  Table  1)  should  show  how  the 
two  loops  work  together  to  vary  the  output  in  100  Hz, 

1  KHz,  and  10  KHz  to  10  MHz  steps. 

If  we  want  100  Hz  or  1  KHz  steps  both  Nj  and  N2 
are  advanced,  but  for  10  KHz,  100  KHz,  1  MHz  and  10  MHz 
steps,  cnly  N2  is  varied.  The  common  4-bit,  BCD  code 
is  used  to  program  the  counters  Nj  and  N2-  This  is  not 
a  problem  since  the  only  digits  in  N1  that  are  program¬ 
mable  correspond  exactly  to  the  two  least  significant 
digits  of  the  operating  frequency.  Hot  so  for  N2- 

If  an  operating  frequency  of  0.000  MHz  is  selected 
the  value  of  N2  drops  to  351.  This  is  the  value  that 
must  be  added  to  the  operating  frequency  so  that  the 
information  that  sets  N2  is  correct.  The  three  is  added 
to  the  MHz  digit,  five  added  to  the  100  KHz  digit,  and 
one  is  added  to  the  10  KHz  digit.  For  an  operating  fre¬ 
quency  of  21.3765  MHz,  the  value  of  N2  can  be  calculated 
from: 

ll2  =  (99-[(109.35-fRX^MHzj-N1  ( .0099)3)100  =  2553 

(8) 

The  breakdown  of  H2  is  as  follows: 

351  (Fixed  Number) 

+  65  (100  Hz  and  1  KHz  Digits  of  ffiX) 

2137  (10  KHz-10  MHz  Digits  of  fRX) 

2553  TOTAL 

There  are  two  solutions  to  this  problem  of  corre¬ 
lating  the  operating  frequency  to  the  division  ratio  of 
N2.  We  can  add  the  three  numbers  and  program  the 
counter  with  the  sum  of  these  numbers,  or  the  counter 
can  be  programmed  three  separate  times  for  each  counting 
cycle.  Because  of  the  difficulty  in  adding  BCD  numbers 
and  the  complex  circuitry  required,  we  decided  to  reset 
the  counters  in  N2  three  times  for  each  10  KHz  output 
pulse.  Fortunately,  the  minimum  division  ratio  of  the 
MHz-  10  MHz  portion  of  ti2  is  3  (351),  providing  us  with 
three  different  logic  states  (0,  1,2),  each  of  which 
is  used  to  reset  the  counters  in  N2  to  a  given  state. 

The  block  diagram  of  Figure  4  is  typical  of  most 
digital  phase-locked  loops.  The  open  loop  bandwidth  is 
given  by: 


which  is  derived  from  the  general  transfer  function  of: 


When  the  operating  frequency  is  29.9999  MHz  the  synthe¬ 
sizer  frequency  is  79.3501,  and  the  frequency  of  VC0-2 
is: 

fVC0-2  *  79.3501-14.8401  ■=  64.51  KHz  (5) 


(10) 


As  shown  in  Figure  3,  the  loop  2  VCO  is  mixed  The  amount  of  filtering  of  Fr  by  the  filter  F(s) 

with  99  MHz  to  reduce  the  operating  frequency  of  the  for  a  sideband  level  in  db  (A)  at  the  VCO  output  is 
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given  by: 


attenuation  (F$)  =  20  log  K«KV  +  6  db  + 
FR 


01} 


This  circuit  (Figure  6)  combines  the  three  numbers  that 
are  used  to  reset  each  decade  counter.  One  of  the  three 
four-bit  words  is  selected  by  raising  one  of  the  three 
word  selection  inputs  to  a  logic  1.  If  input  1  is 
raised  to  logic  1,  the  word  Ai,  Bj,  C] i  and  D]  then 
appears  at  the  output.  Two  of  these  circuits  are  re¬ 
quired  for  the  loop  2  divider. 


Finally,  the  frequency  at  the  counter  (B)  input 
is  always: 

Fc  =  N-Fr  (12) 

For  Figure  4,  if  N  is  increased  by  1,  the  output 
frequency  will  increase  by  an  amount  equal  to  FR. 

Circuit  Description 

It  is  not  my  intent  to  show  or  discuss  all  of  the 
circuitry  that  is  used  in  this  synthesizer.  However, 
some  of  the  circuits  are  unique  and  will  be  covered  by 
this  paper. 

Phase  Detectors.  For  certain  phase-locked  loop 
conditions,  the  phase  detector  of  Figure  4  can  be  a 
simple  set-reset  flip-flop.  However,  as  the  tuning 
range  of  the  VCO  increases  to  beyond  10X ,  the  phase 
detector  must  have  the  additional  capability  of  fre¬ 
quency  discrimination,  because  the  capture  range  of  a 
single  phase-locked  loop  is  less  than  its  pull  range. 
Various  factors  influence  the  capture  range,  such  as: 

(1)  phase  shift  of  loop  filter, 

(2)  the  value  of  K« ,  the  transfer  function  of  the 
phase  detector, 

(2)  the  value  of  Ky,  the  transfer  function  of  the 

VCO, 

(4)  the  range  of  N,  the  variable  counter  ratio. 

As  an  example,  the  loop  2  of  Figure  3  has  a  pull 
range  of: 

qf2  »  93.490  -  64.510  *  28.98  MHz  (13) 

The  capture  range  is  approximately  8  MHz,  indicating 
that  additional  circuitry  must  be  utilized  for  reliable 
operation. 

This  problem  can  be  solved  in  two  ways,  either  by 
coarse-tuning  the  VCO  or  by  using  a  frequency  detector. 
We  chose  the  latter.  The  desired  characteristics  of 
this  detector  are  that  if  the  VCO  is  too  low  or  too  high 
in  frequency,  its  output  will  lock  either  low  or  high 
until  the  VCO  is  pulled  near  its  desired  frequency, 
then  it  returns  to  being  a  phase  detector.  This  func¬ 
tion  can  be  accomplished  in  varying  degrees  by  using 
digital  flip-flops.  However,  we  wanted  this  function 
in  a  single  package,  which  was  possible  if  only  gates 
were  used.  The  circuit  of  Figure  5  was  submitted  to 
Fairchild  for  MSI  and  a  0.4"  x  0.5"  package  resulted. 

In  all,  thirty-two  gates  are  used.  Three  gates  provide 
the  basic  set-reset  flip-flop  phase  detector  function, 
and  five  gates  are  used  to  shape  each  input  pulse. 
Thirteen  gates  detect  the  condition  of  unequal  input 
frequencies  and  lock  the  single  output  gate  either  high 
or  low  to  force  the  VCO  back  to  the  correct  frequency. 
Five  gates  form  an  out-of-lock  detector  that  indicates 
a  logic  1  if  the  loop  is  not  phase-locked  to  the  refer¬ 
ence  input. 

Code  Combiner.  A  second  MSI  function  composed  of 
sixteen  gates  is  used  in  the  loop  2  variable  divider. 


Voltage-Controlled  Oscillator  (VCO).  Ultimately, 
the  signal-to-noise  ratio  of  the  VCO  will  limit  the 
performance  of  the  receiver.  Any  noise  at  all  seems 
to  be  undesirable,  but  a  S/N  ratio  of  100  db  (measured 
50  KHz  from  the  synthesizer  output  in  a  3-Kllz  bandwidth) 
seems  an  acceptable  value  although  139  db  was  desired. 

To  realize  these  noise  figures,  an  FET  oscillator 
circuit  was  considered  a  necessity.  The  circuit  of  Fig¬ 
ure  7  is  a  modified  Hartley,  and  is  used  both  in  loop  1 
and  loop  2.  A  solid-state  tuning  capacitor  is  used  for 
tuning  the  oscillators,  and  both  tune  their  respective 
ranges  for  an  input  of  1-8  volts.  The  OC  amplifier, 

Q?,  has  a  gain  of  1  and  generates  a  negative  image  of 
tne  1-8  volts  for  an  equivalent  capacitor  voltage  of  2 
to  16  volts.  CR2 •  a  Schottky  barrier  diode,  limits  the 
dynamic  swing  of  the  FET  gate. 

Frequency  Multiplier.  99  MHz  is  required  both  as 
a  receiver  injection  and  for  the  mixer  in  loop  2.  Since 
the  reference  frequency  is  9.9  MHz,  a  10  to  1  frequency 
multiplier  was  the  obvious  solution.  In  Figure  8,  Qj 
is  biased  class  B  and  acts  as  a  doubler.  and 

Lj^  make  up  a  bandpass  filter  that  is  tuned’to  19.8 
MHz.  Q2  is  a  linear  amplifier  that  drives  the  step 
recovery  diode  CR] .  The  crystal  filter  provides  40  db 
of  attenuation  to  the  19.8  MHz  sidebands  on  the  99  KHz 
output.  Dual  output  amplifiers  provide  separate  out¬ 
puts,  one  at  600  mv  and  the  second  at  100  mv. 

Loop  Mixers.  The  two  mixers  of  Figure  3  are  al¬ 
most  identical,  the  big  difference  being  the  operating 
frequency.  Loop  1  mixer  output  covers  13.86  MHz  to 
14.8401  MHz,  and  the  output  of  the  loop  2  mixer  covers 
the  range  of  5.51  -  34.49  MHz.  Loop  1  mixer  has  a  very 
tough  requirement  on  isolation,  specifically  the  level 
of  input  2  showing  up  on  input  1.  For  a  receiver  fre¬ 
quency  of  13.8902  MHz,  the  input  to  the  loop  1  counter 
is  13.8897  MHz,  which  is  the  difference  between  the  two 
mixer  inputs  VCO- 1  and  VCO-2.  When  the  VC0-2  signal 
feeds  through  to  the  VCO-1  input,  these  two  frequencies 
will  mix  again  in  the  first  mixer,  generating  a  pseudo 
input  frequency  of  13.8897  MHz,  which  is  only  500  Hz 
away  from  the  desired  frequency.  This  generates  a  dis¬ 
tinct  "birdie"  that  can  be  heard  at  the  receiver  even 
though  the  antenna  input  is  grounded.  Although  there 
are  several  of  thes.'  "birdies"  in  the  frequency  range 
of  13-14  MHz,  they  are  acceptable  if  their  relative  sig¬ 
nal  levels  are  less  than  1  uv.  These  levels  were 
reached  by  adding  the  amplifier  in  Figure  9,  which 
provided  an  additional  40  db  of  isolation  to  the  mixer. 

The  mixer  itself  is  an  RCA-CAJ028A  which  is  fol¬ 
lowed  by  an  LC  low-pass  filter  and  a  second  CA3028A 
biased  for  linear  amplification.  Figures  10  and  11 
show  the  construction  of  the  two  mixers.  Point-to- 
point  assembly,  along  with  a  copious  use  of  shielded 
compartments,  insures  a  maximum  amount  of  isolation 
between  inputs.  For  the  loop  1  mixer,  100  mv  on  input  2 
at  80  MHz  will  be  attenuated  by  >90  db  at  input  1. 

Frequency  Standard.  The  frequency  standard  is  a 
9.9  MHz,  temperature-compensated,  crystal  oscillator. 
Compensation  is  accomplished  by  a  thermistor-resistor 


233 


network  (Figure  12)  that  varies  the  capacitance  of  a 
solid-state  capacitor  CR3.  The  oscillator  Qj  drives  an 
FET  buffer  amplifier  Q2 »  which  drives  a  saturated  ampli¬ 
fier  Q3.  The  output  is  a  square  wave  that  can  drive 
one  digital  TIL  gate.  Figure  13  is  a  plot  of: 

(1)  the  uncompensated  frequency  drift  as  a 
function  of  temperature, 

(2)  frequency  drift  after  compensation. 

Each  standard  is  compensated  to  better  than  +5  parts  in 

10?. 

Synthesizer  Performance 

The  complete  synthesizer  is  packaged  on  four 
printed  circuit  boards,  4.25"  x  6.825".  The  modules 
that  are  mounted  on  each  of  the  four-layer  boards  are 
"nested"  so  that  the  total  volume  is  71  cubic  inches. 
Figures  14-17  are  photographs  of  the  four  complete 
boards.  The  VCO  board  has  both  VCO  modules,  the  two 
loop  low-pass  filters,  and  three  voltage  regulators. 
There  is  one  negative  regulator  and  a  separate  Collins 
thin-film  regulator  for  the  +10  volts  required  to  power 
each  VCO  and  filter  driver.  Separate  positive  regula¬ 
tors  were  necessary  to  prevent  coupling  between  the  two 
loops,  coupling  that  results  in  the  generation  of 
100  Hz  sidebands.  Each  of  the  low-pass  filters  have  in 
excess  of  120  db  attenuation  at  9.9  KHz  and  10.0  KHz. 
Pass-hand  ripple  is  1  db  and  the  90°  phase  shift  point 
is  at  1080  Hz.  This  is  an  important  frequency  because 
it  determines  the  maximum  value  of  each  loop  bandwidth 
and  it  is  important  that  the  loop  bandwidth  be  as  high 
as  possible.  The  purpose  of  a  synthesizer  is  not  to 
"clean  up"  a  reference  source,  but  to  generate  clean 
signals.  A  very  narrow  loop  bandwidth,  which  isolates 
the  synthesized  output  from  the  reference  source,  is 
redundant  when  the  reference  is  many  orders  of  magni¬ 
tude  cleaner  than  the  synthesized  output  can  ever  be. 

A  high  loop  bandwidth  means  faster  capture  time,  lower 
in-band  noise,  and  less  susceptibility  to  magnetic  radi¬ 
ation  and  vibration. 

The  mixer  board  has  both  loop  mixers,  and  the 
variable  counter  for  loop  1.  The  reference  board  con¬ 
tains  the  frequency  multiplier,  frequency  standard,  the 
dividers  that  provide  10  KHz,  9.9  KHz  and  450  KHz  out¬ 
puts,  and  the  two  phase  detectors.  The  divider  board 
has  integrated  circuits  only,  which  make  up  the  loop  7 
variable  divider,  N2. 

Noise  levels 

Noise  is  usually  measured  at  two  points.  We 
measure  single-sideband  inband  noise  in  a  3-KHz  band¬ 
width,  300  Hz  to  3.3  KHz,  and  out-of-band  noise  at 
50  KHz  from  the  desired  carrier  frequency  ir,  a  3-KHz 
bandwidth.  Figure  18  shows  the  set-up  for  measuring 
inband  noise  and  Figure  19  is  a  plot  of  the  data  taken 
with  an  HP302  in  100  Hz  steps,  This  integrates  out  to 
a  value  of  54.4  db.  The  noise  50  KHz  out  from  the 
carrier  is  measured  directly  and  equals  -100  db. 

Spurious  Levels 


power  supply  ripple,  were  below  the  noise  level  of 
-62  db. 

Phase  Jitter 

Phase  jitter  can  be  measured  and  specified  in  m 
many  different  ways.  One  method  that  qives  a  quick, 
qualitative  analysis  of  the  phase  jitt.-r  is  shown  in 
Figure  21. 

The  synthesizer  and  the  HP5105  are  pnase-locked 
and  set  to  the  same  frequency.  The  output  of  the  mixer 
is  a  DC  voltage  with  an  AC  voltage  superimposed  on  it. 

It  is  the  AC  voltage  that  represents  the  phase  jitter 
on  the  synthesizer  output.  Since  a  common  integration 
period  for  phase  jitter  is  20  ms,  the  scope  sweep  speed 
can  be  set  for  20  ms  and  a  picture  taken  of  one  sweep. 
Figure  22  is  such  a  picture.  The  vertical  calibration 
is  4,5°/Cm.  The  average  phase  during  this  20  ms  is 
-0.19’,  and  the  peak  phase  difference  within  this  22  ms 
period  is  only  3.3°.  In  a  different  test,  readings  of 
1.5°  were  obtained  using  an  analog  test  set  that  inte¬ 
grated  the  phase  over  22  ms  periods,  and  then  displayed 
the  difference  between  consecutive  22  ms  periods. 

Capture  Time 

The  time  it  takes  for  a  synthesizer  to  acquire 
phase  lock  on  a  new  frequency  is  normally  not  a  problem 
since  most  synthesized  radios  are  controlled  from  man¬ 
ually  switched  control  heads.  However,  one  application 
for  this  synthesizer  is  in  a  scanning  receiver.  It  was 
experimental 'y  determined  that  25  ms  was  the  maximum 
time  allowed  if  a  "continuous  tuning"  effect  was  to  be 
obtained.  Figure  23  shows  the  test  set-up  for  making 
these  measurements.  The  receiver  audio  is  first  zero- 
beat,  then  the  synthesizer  is  offset  the  desired  amount 
(100  Hz,  1  KHz,  etc.).  As  the  switch  is  returned  to  its 
original  position,  the  scope  is  triggered  and  the  time 
is  recorded  for  the  receiver  to  reach  zero  beat  again. 
The  capture  time  for  various  frequency  steps  is  listed 
below. 

Frequency  Steps  Capture  Time 


100  Hz 

5  ms 

100  KHz 

10  ms 

1  MHz 

15  ms 

10  MHz 

25  ms 

Conclusions 

It  is  now  possible  to  design  synthesizers  with 
the  spectral  purity  necessary  for  use  in  up-converting 
HF  receivers,  and  yet  small  enough  to  be  practical. 
This  synthesizer  is  now  in  production  for  use  in  an  HF 
line  of  communication  equipment  that  is  considered  to 
out-perform  any  other  HF  radio  system  previously  built 
by  Collins  Radio  Company. 


Figure  20  is  a  plot  of  the  spurious  levels  at  an 
output  frequency  of  89.996  MHz.  The  expected  100-Hz 
sideband  levels  were  <-62  db,  9.9  KHz  sidebands  were 
down  -75  db,  and  19.8  KHz  sidebands  were  down  <-90  db. 
Sideband  levels  beyond  19.8  KHz  are  too  low  to  measure 
with  this  set-up.  60  Hz  and  120  Hz  sidebands,  due  to 
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Summary 

The  synthesizer  described  in  this  paper  resulted 
from  the  need  for  low  power  drain  in  battery  operated 
portable  radio  sots.  It  is  a  digital  type,  yet  re¬ 
quires  only  low  speed  digital  circuitry  oven  to  the 
Oigacycle  frequency  range  and  higher.  Hence,  inexpen¬ 
sive  MOS  logic  is  used.  The  power  consumption  of  the 
breadboard  model  is  100  mW.  Power  drain  is  reduced  by 
eliminating  the  need  for  dividing  the  frequency  to  bo 
controlled  by  a  programmed  counter  and  comparing  the 
result  with  some  reference  frsquency.  Instead,  the 
following  principle  is  used!  Starting  from  a  known 
reference  point,  a  voltage-controlled  variable -freq¬ 
uency  oscillator  (VCVFO)  is  swept  across  a  crystal- 
derived  frequency  lino  spoctrum.  The  spoctral  line3 
have  a  spacing  equal  to  the  desired  channel  spacing 
and  cover  the  frequency  rango  desired.  The  numbor  of 
spectral  linos  crossed  during  tho  tune-up  sweep  cycle 
are  counted.  When  tho  desired  count  is  reached,  tho 
swoop  of  the  VCVFO  is  turnod  off,  thereby  locking  it 
to  tills  particular  spectral  lino. 

A  model  of  such  a  synthesizer  was  built,  covering 
the  rango  from  hi.  5  to  6h.5  MHz,  and  having  a  J>0-kHz 
channol  spacing.  The  power  consumption  was  hO  mW, 
excluding  VPO  and  buffor  amplifier.  Tho  spurious  res¬ 
ponses  t  50  kHz  off  carrior  wero  8$  dB  below  tho  carr¬ 
ier;  all  others  wore  lower  than  93  dB.  Tho  ms  carr¬ 
ier  phase  Jittor  was  smaller  than  9  Hz  in  a  30-kHz 
bandwidth.  Tho  frequency  acquisition  time  wa3  below 
one  second. 

Tho  breadboard  was  packaged,  using  thick-film 
technology  with  complementary  KOSFET-  integrated  cir¬ 
cuits  in  ehip-and-wiro  technique.  The  packaged  model 
measured  2S.lt  by  30  by  38  mm.  A  dotailed  description 
was  given  in  ECCM  Report  Nr.  3265. 

The  drawback  of  this  first  modol  was  that  it 
required  a  maximum  of  ono  second  of  frequency  acquisi¬ 
tion  time  which  was  considered  too  long.  Further, 
some  narrow  t-olorances  In  tho  VFO  and  tuning  voltago 
dividers  as  required,  wero  undesirable  from  the  stand¬ 
point  of  cost  in  rns3  production  and  also  in  regard  to 
reliability. 

In  our  latest  model  we  managed  to  avoid  these 
problems  on  tho  penalty  of  increased  complexity  of  the 
logic.  Hovovor,  this  i3  not  considered  a  drawback, 
since  the  cost  per  flip  flop  on  a  KOS  LSIC  is  very 
low.  This  latest  model  which  is  in  the  breadboard 
stago  now,  first  uses  a  1  MHz  spaced  spectrum  for  the 
KHz  lino  count,  then  switches  to  a  100  kHz  spaced 
spectrum _for  the  100  kHz  lino  count  and  finally  turns 
on  tho  25  kHz  spoctrum  for  tho  2$  kHz  count.  Coarse 
and  fine  tuning  voltages  for  tho  VPO  are  dorlved  from 
the  output  of  the  sampling  bridge.  There  are  no 
resistor  matrices  or  digital-analog  convertors  re¬ 
quired  for  deriving  the  coarse  tuning  voltago. 


The  description  of  this  improved  model,  its  principle 
of  function  and  dotailed  description,  using  block 
diagram  and  schematics  will  then  be  presented. 

Introduction 

Many  frequency  synthesizers  for  radio  equipment 
in  the  field  today  now  uso  tho  classical  ~~  N  prin¬ 
ciple.  However,  for  applications  in  the  VHF  frequency 
range  and  above  tho  divide  by  N  IC  counters  involved 
still  have  pretty  high  battoiy  power  consumption, 

3uch  that  the  couple to  synthesizer  roquire3  in  the 
order  of  watts  of  powor  drain.  This  high  power  con¬ 
sumption  is  not  do3irable  in  battery  powered  radios. 
Ideally  one  would  like  to  get  away  with  $00  mW  of 
battery  power  drain  or  less  for  the  entire  receiver. 
Therefore,  we  camo  up  with  a  scheme  which  would  permit 
us  to  avoid  high  speed  IC  logic.  In  other  words,  wo 
eliminated  the  now  already  classical  divido-by-lt- 
countor  and  associated  circuitry. 

The  Principlo 

Shortly,  tho  scheme  works  a3  follows: 

A  Multiline  Frequency  Spectrum  is  created  which 
covers  tho  frequency  rango  desired,  the  spectral  lines 
having  a  spacing  which  is  equal  to  tho  channel  spacing 
dosired,  for  in3tanco,  for  tho  rango,  o.g.,  from  hO 
to  67  MHz,  with  channel  spacing  of  25  kHz  within  that 
range,  see  Figure  1. 

A  variable  frequency  oscillator  will  then  bo 
locked  to  any  particular  one  of  these  lines  by  phaso 
lock  techniques.  Since  tho  spectrum  is  crystal  do- 
rived,  effectively  the  VFO  output  frequency  will  bo 
single  crystal  controlled.  Figure  2  shows  part  of 
tho  basic  arrangement.  Tho  output  from  tho  li  MHz 
crystal  oscillator  is  dividod  down  to  25  kHz.  Tho 
pulso  generator  i3  triggered  by  tho  25  kHz  signal, 
delivering  a  pulso  with  25  kHz  repetition  rate  and 
7  ns  pulso  width.  This  pulso  ha3  a  spoctrum  which 
contains  harmonics  of  25  kHz  up  to  67  MHz  and  higher. 
By  moans  of  tho  phase  lock  loop,  which  is  comprised 
of  the  3amplo  and  hold  circuit,  tho  dc  amplifier  and 
the  VFO,  the  VFO  can  be  permanently  locked  to  any  of 
these  spoctral  lines.  This  principle  is  well  known 
and  used  in  practico;  somotimos  it  is  called  the 
Impulse  Govornod  Oscillator,  or  for  short,  IGO.  The 
problem  which  wo  solvod  i3,  to  provide  relatively 
simple,  inexpensive  and  low  powor  consuming  means  to 
lock  the  IGO  to  the  particular  spoctral  line  dosired. 
This  is  accomplished  in  tiro  following  manner: 

In  the  beginning  of  the  tuning  procedure,  tho 
oscillator  is  preset  to  a  known  reference  point  in 
tho  spoctrum.  Starting  out  from  this  point,  the 
oscillator  is  swept  across  this  spoctrum,  counting 
tho  spectral  lines  crossed.  Assume  this  roforonce 
bo  hO  MHz,  then  after  o.g.,  7  counts  wo  should  arrive 
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at  UO  plus  7  X  25  kHz  “  1*0.175  MHz.  If  this  is  the 
frequency  that  was  desired,  the  sweep  is  turned  off 
and  the  oscillator  then  locks  to  the  1*0.175  MHz  spec¬ 
tral  line.  In  the  original  model  which  was  described 
in  EOOM  Report  #3265,  wo  had  used  a  reference  line 
every  integer  MHz,  obtained  by  coarse  presetting  the 
oscillator  by  a  resistor  matrix  in  1  MHz  steps  and 
using  a  1  MHz  spaced  spectrum  at  the  startout  of  the 
tuning  procedure.  This  scheme  had  the  disadvantage  of 
requiring  a  frequency  acquisition  time  of  maximum  1 
second,  furthermore  it  required  some  precision  in  the 
preset  circuitry  which  was  considered  objectionable  in 
respect  to  cost  and  reliability. 

These  disadvantages  were  eliminated  in  the  second 
generation  model  presently  being  discussed.  Fig.  3 
3hcws  the  block  diagram  of  this  model. 

The  tuning  cycle  is  initiated  by  the  "Start 
Tuning"  switch  whenever  the  frequency  control  knobs  are 
operated.  In  the  beginning  of  the  tuning  cycle,  the 
1*  MHz  crystal  reference  oscillator  thru  gates  1  and  5 
triggers  the  pulse  generator.  Thus  the  spectrum  of 
this  pulse  soquenco  contains  harmonics  on  36,  1*0,  1*!*, 
1*8,  52.... MHz.  As  a  reference  point  in  the  spectrum  is 
chosen  1*0  MHz.  Therefore,  the  logic,  via  the  preset 
line  presets  the  VFO  to  39  MHz.  Then  the  logic  turns 
on  the  sweep  generator  which  sweeps  the  frequency  of 
the  VFO  upwards. 

As  the  frequency  of  the  VFO  approaches  the  1*0  MHz 
spectral  line,  the  beat  frequency  at  the  output  of  the 
sampler  decreases.  Thi3  is  sensed  by  the  arrangement 
of  high  pass  filter  &  dotector  #1;  when  the  beat  freq¬ 
uency  ha3  decreased  to  80  kHz,  Schmitt  trigger  #1 
fires,  whereupon  the  logic  reduces  the  sweep  speed  of 
the  VPO.  As  the  frequency  of  the  VFO  get3  still  clo¬ 
ser  to  the  1*0  MHz  line,  (about  12  kHz)  Schmitt  trigger 
#2  triggers,  whereupon  the  logic  reduces  the  sweep 
speed  further. 

As  the  VPO  frequency  hits  the  1*0  MHz  reference 
line,  lock  occurs.  If  1*0.000  MHz  was  the  frequency 
desired,  the  sweep  is  turned  off.  If  not,  then  the 
information,  how  many  1  MHz  lines  have  to  bo  countod 
which  is  presented  or.  the  X  1  MHz  input  lines  is  stored 
into  the  memory  of  tho  logic.  Then  the  logic  closes 
gate  1  and  opens  gate  2,  providing  pulses  with  1  MHz 
repetition  rate  to  tho  sample  &  hold  bridge,  thus 
croating  a  1  MHz  spaced  spectrum.  Thereafter  tho  logic 
turns  on  the  sweeps  again.  Whenever  an  intogor  MHz 
spectral  line  is  crossed,  Schmitt  trigger  #1  provides 
a  pulse  to  the  line  countor  in  the  logic.  Whon  tho 
count  corresponding  to  tho  data  on  tho  X  1  MHz  input 
lines  is  reached,  o.g.,  7,  then  the  logic  initiates 
tho  same  locking  procedure  that  was  used  for  locking 
to  the  reference,  henco  lock  to  1*7.000  MHz  occurs. 

If  this  wa3  the  frequency  desired,  then  after  lock  the 
logic  turns  off  the  lock  sweep.  If  not,  the  X  100  kHz 
information  from  tho  input  lines  is  stored  into  tho 
logic,  the  spectrum  is  switched  to  100  kHz  spacing  and 
tho  sweop3  are  turned  on  again,  except  for  the  fast 
sweep  3poed.  Similarly,  100  kHz  lines  crossed  are 
counted  till  tho  desired  line  is  reached  and  lock 
occurs  to  that  line.  In  like  fashion,  tho  25  kHz  in¬ 
formation  is  processed. 

Tho  three  sweep  speeds  used  are:  1  MHz/fts  for 
the  1  MHz  line  count,  which  is  much  slower  than  the 
theoretical  limit,  50  kHz/rfs  for  tho  100  kHz  line 
counting  and  3  kHz/ms  for  the  X  25  kHz  count  and  lock. 

Details  of  tho  Circuits 

Tho  logic  is  built  with  CMOS  IC's.  It  contains 
17  flip  flcp3  and  08  gat03.  It  lond3  itself  to  con¬ 
struction  in  IS  I  MOS  or  CMOS  technique. 


The  Pulse  Generator  (See  Fig.  \) 

It  is  really  a  two  stage  differentiating  amplifier j 
the  use  of  a  step  recovery  diode  under  the  restriction 
of  low  power  consumption  does  not  simplify  the  pulse 
generator . 


The  Sampling  Bridge 

It  is  a  HPA  2356  Quad.  The  hold  circuit  consists 
of  a  12  pF  capacitor  and  a  2N  5566  dual  balanced  BET 
transistor,  see  Fig.  5.  Use  of  the  latter  eliminates 
bias  shifts  of  the  tuning  amplifier  due  to  temperature 
change.  A  CA306O  is  used  as  the  DC  Loop  Amplifier. 

The  first  loop  filter  is  comprised  of  Rll*,  R15  +  Rl6 
and  C19  +  C20.  The  voltage  present  at  this  capacitor 
is  swept  by  the  sweep  generator  during  the  tuning  pro¬ 
cedure.  Integrated  Circuit  NH0001,  which  interconnects 
the  sweep  generator  with  this  loop  filter  capacitor  is 
used  to  disconnect  the  loop  from  the  sawtooth  generator, 
releasing  the  loop  after  lockup. 


The  Sweep  Generator 

It  consists  mainly  of  capacitor  C8  +  C9  +  CIO  to 
which  are  fed  three  current  levels  by  the  logic,  there¬ 
by  creating  three  sweep  speeds. 


Tho  Beat  Hote  Amplifier 

It  could  be  simplified,  provided  an  appropriate 
IC  becomes  available. 


The  Non  Linear  Tune  Amplifier 

It  provides  the  tuning  voltage  for  tho  varicaps 
in  the  VCO,  which  ranges  from  -12  to  -!*2V,  see  Fig.  6. 
The  counterfeedback  of  this  amplifier  is  non-linear  in 
order  to  get  an  approximately  linear  relationship  be¬ 
tween  tuning  voltage  and  output  frequency  of  the  VFO. 
This  is  done  in  order  to  keep  tho  loop  gain  of  the 
phase  lock  loop  approximately  constant  over  tho  freq¬ 
uency  range  of  the  oscillator. 

A  Second  Loop  Filter  section  is  insertod  between 
tho  control  line  of  the  VFO  and  the  output  of  thi3 
nonlinear  amplifier.  Thi3  is  required  in  ordor  to  re¬ 
duce  the  inband  noise  of  the  VFO. 

The  Phase  Lock  Loop 

Tho  VFO  i3  completely  controlled  by  tho  output  of 
the  sampling  bridgo;  thero  is  no  requirement  for  coarse 
tuning. 

Fig.  7  shows  the  beat  sensors  which  aro  high  pa33 
filters,  detectors  and  schmitt  triggers  #1,  2  and  3. 

Summing  up,  this  frequency  synthesizer  ha3  those  par¬ 
ticular  features  (see  Figure  8): 

Mostly  digital  design  with  inexpensive  low  speed 
logic  suited  for  LSI. 

Frequency  rango  1*0  to  67  MHz,  suitod  for  a  trans¬ 
ceiver  for  30  to  80  MHz. 

25  kHz  channel  spacing. 

120  mW  of  dc  power  consumption,  including  VFO, 
buffers,  and  tuning  voltage  supply. 

All  digital  controlled. 

Fast  frequency  acquisition  time  (  <  200  ms). 
Single  crystal  controlled. 
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Abetruct 

Energy  trapping  effect  ia  studied  experi. 
mentally  in  lithium  tantalate  X-cut  resonators. 
Resonant  frequency  lovering  is  mainly  contributed 
by  a  piezoelectric  effect,  inversely  by  a  mass 
loading  effect  in  a  quartz  crystal. 

Considering  a  suitable  anisotropic  constant, 
resonant  frequencies  of  thickness  twist-  and 
thickness  shear,  mode  are  exprossod  by  a  similar 
formula  as  a  function  of  the  ratio  a/H,  share  a 
is  the  length  of  electrodes  and  H  the  thickness 
of  resonator. 

In  a  monolithic  filter,  obtainable  maximum 
band  width  is  about  6  ,  and  corresponding  a/H 

is  1.8§  in  case  of  thickness  shear  mode,  and  1.04 
In  case  of  thickness  twist  mode. 


group  3m  has  two  shear  modes.  One  is  fast  wave 
with  velocity  v  and  coupling  factor  k^,  another 
slow  shear  wave+wlth  velocity  v  and  k  ,  respective, 
ly.  These  are  expressed  as  follow, 


*  (V2)  C(o66 


where  /  is  density  of  the  crystal,  f  resonant 
frequencies,  f  _  and  f  are  anti.rosonant  frequon. 
ciea  correBponSing  to  v®  and  v  ,  respectively. 

The  directions  of  displacement  corresponding 
to  the  velocities  v_  inoline  at  an  angle  of  @- 
with  y.axls,  and  arS  given  by  + 


Coupling  factor  depends  on  not  only  propa¬ 
gating  mode  but  also  the  length  a  and  width  b  of 
electrode. 


Introduction 

Recently  monolithic  crystal  filters  using 
energy  trapping  effect  are  being  developed. 

Those  filters  are  hither. to  made  by  quartz 
crystal.  Because  of  its  small  coupling  factor, 
these  filters  are  usable  only  as  narrow  band  pass 
filtors.  Lithium  tantalate  single  crystal  is 
thought  as  a  suitable  material  to  make  a  wide 
band  pass  filter  with  band  width  ratio  larger  than 
1  '/  .  An  X-cut  LiTaO,  resonator  can  be  regarded 
to  excite  only  one  pure'shear  mode,  and  its 
coupling  factor  is  about  4  times  larger  than 
quartz.  Furthermore,  a  resonator  having  a  zoro 
temporature  coefficient  at  room  temperature  was 
obtained  by  adjusting  the  effective  coupling 
factor  to  a  specified  value1.. 

In  order  to  design  a  monolIthi((filter,  it  Is 
necessary  to  know  the  vibration  energy  distribution 
associated  with  an  electroded  area  exoited  at  reso¬ 
nance.  In  this  paper,  energy  trapping  were  studied 
experimentally,  und  it  is  shown  that  the  theory 
used  in  quartz  resonator  is  applicable  to  osse 
of  an  X-cut  LiTaO,  resonator.  Also  band  width 
of  monolithic  filter  was  estimated. 


The  property  of  an  X-cut  LiTaO. 


AH  X-cut  resonator  belonging  to  the  point 


tan  0-  ■  (  v|-  c66)/  o56  .  (3) 

The  angle  of  inclination  9q-  was  observed  by  T.Uno^ 
using  the  light  diffraction  phenomenon  duo  to  an 
acoustic  wave,  and  it  is  confirmed  that  ©4  »  -  49* 

+.  2*  .  These  physical  constants  for  LiTaO,.  are 

given  in  Table  1.  ' 

The  coupling  factor  k,  is  about  9  timos 
larger  than  k  .  Since  aooustlc  power  is 
proportional  to  the  square  of  ooupling  factor, 
the  slow  shear  wavo  can  be  negloctod. 


Experlnental  procedure 


In  an  X-cut  rosonator,  there  are  two  types 
of  wave,  one  is  propagating  to  a  direction  of 
displacement  and  is  named  as  thlokness  shear 
mode  (TS  mode) ,  another  wave  propagatos  to  a 
direction  making  an  angle  90*  with  that  of  TS 
mode  and  named  as  thickness  twist  mode  (TT  code). 
Therefore  two  types  of  specimens  were  used  in  this 
experiment.  The  electrode  (ovaporated  Ni)  con¬ 
figuration  on  tho  crystal  plate  is  shown  in  Fig.  1, 
and  the  dimensions  are  given  in  Table  2. 


In  specimen  A  (Fig,  l),  TS  mode  is  propagated, 
and  another  speoimen  B  was  made  to  propagate  TT 
mode.  From  the  measurement  of  vector  admittance 
diagram  of  specimen  A,  the  mochanioal  qualitj 
factor  Q,  two  terminal  equivalent  oircuit  L. ,  C. , 

S,  and  Cq  were  obtained  (Table  2),  and  tho  coupling 
factor  of  those  resonators  are  estimated  from  the 
overtono  frequencies. 


The  electrodes  wore  divided  into  two  equal 


pairs  along  the  lotted  line  (75  or  100  micron)  and  rTT  ia  an  anisotropic  constant  equal  to 

an  shown  in  Pi g.  1  by  YAC  laser  nachining  i — j - —  ^ 

apparatus,  and  two  resonators  wore  constructed  J  °,(</cgg  *  0.8,  mis  order  of  the  node.  In  this 

by  thus  the  divided  two  pairs  of  electrodes.  ,  ,  , 

Since  these  two  resonators  were  coupled  in  each  treatment,  c^g  =  1.42,  c,^  »  0.95>  end  Cg^  s  -  0.16 

other,  resonant  frequencies  of  two  tjipea  were  11  2  , 

measured.  One  ia  a  symmetric  enharmonic  thickness  in  unit  of  10  H/M  ,  therefore  c,,  can  be  neglected, 

shear  mode,  and  another  an  anti-symnetric  mode.  In  caoe  of  thickness  shear  mode,  resonant  frequency 

f  is  expressed  by  similar  equations,  and  anisotropic 

After  tho  measurements  of  resonant  frequencies  constant  becomes  rTS  given  by 

were  completed,  some  portion  of  the  end  sides.'  r— ; - ; - 1  j>  Ti  T 

of  tho  electrodes  were  cut  by  YAG  laser  and  the  wyCogg  -  A5*)0  B  l*59t 

separated  Hi  electrodes  were  dissolved  by  FeCl.  )  ,  , 

solvent,  so  that  the  length  a  of  the  electrodes  where  c,,  a  2.64,  c.^  »  2.28,  and  *  O.67. 

become  short.  The  similar  treatments  were  Primed  elastic  constants  Co,  etc  are^that  of  the 

repeated  5  times  on  the  spocimen  A  and  4  times  rotated  coordinate.  ResoHant  frequencies  are 

on  the  specimen  B.  Table  5  shows  the  length  calculated  from  Eq.  3  and  Eq.  6  as  a  function  of 

a  of  the  electrode,  the  ratio  of  the  a  to  the  a/H,  and  the  results  are  shown  in  Pig.  2  as  solid 

thickness  H,  and  the  resonant  frequencies.  lines  with  the  experimentally  obtained  data,  where 

vertical  shows 

There  are  two  cut  off  frequencies  f  and  fe,  (f  -  ffl)/(f0  -  f0)  and  abscissa  (l/Y<yT)(a/H)y2f 

and  f  corresponds  to  the  antirssonant  frequency 

and  iS  equal  to  v  /(2H),  and  f  to  the  resonant  or  ( l/l^g)(a/H)f2  •  And  "©"  sign  corre3p-onds 

frequency  in  a  fully  electrode®  plate.  How  a  to  tho  case  of  thickness  shear  mode,  "X" 

resonant  frequency  lowering  A  is  defined  as  thickness  twist  mode.  In  case  of  fundamental 

bymmotric  mode,  theoretically  obtained  curve  fits 
(f  -  fe)A0  ■  P  +  R  ,  (4)  to  the  experimental  data,  howeverr,  in  case  of 

0  8  antisymmetric  modo  and  second  symmetric  modo  the 

where,  P  corresponds  to  a  piezoelectric  effect  and  deviation  become  somewhat  larger  as  the  value  of 
calculated  from  Eq.  2  neglecting  the  term  of  slow  abscissa  increasing, 
wave,  and  R  is  mass  loading  effect  expressed  as 

R  ■  2/h/(p  H)  ,  whore  and  h  are  density  and  thick.  In  order  to  design  a  multimode  monolithic 

ness  of  the  evaporated  metal  electrode.  It  is  filter,  it  is  necessary  tc  know  the  relation  of 

Impossible  to  fulfil  the  condition  that  a  sufl'ici.  bandwidth  of  pass  band  tc  dimension  of  electrodo, 

ently  side  area  of  electrode  compared  with  thickness  We  consldor  the  simplo  caoo  that  there  are  only 

of  the  plate,  then  f  is  estimated  from  the  lowest  two  modes,  l,e.,  a  fundamental  symmetric,  and 
measured  resonant  frequency.  Therefore,^  obtained  antisymmetric  mode.  In  this  case,  band  width  is 

from  TS  mode  differs  from  that  of  TT  node.  definod  as 

Table  4  shows  measured  k,  and  R  with  calculated  P. 

Although,  frequency  lowering^!  is  somowhat  largor  B  «  (f  .  f  )/ 

than  P  +  R,  it  is  mainly  contributed  by  the  piezo-  an  3ynm 

olectric  effect.  whsro  f  .  and  f  are  tho  corresponding 

resonantnfrequencIOs.  Tho  relation  B  versus  a/H 
are  obtained  from  Table  }.  and  shown  in  Fig.  }. 

Discussion  On  tho  other  hand,  maximum  band  width  is  obtained 

from  Fig.  2  as  about  6  9/0  ,  when  a/H  is  equal  to 

When  tho  coordinate  ia  rotated  around  x^  axis  O.J5Y//2ft  l.e.,  in  case  of  thickness  shear  modo 

about  0+  ,  the  axes  of  this  plato  correspond1 to  a/H  is  equal  to  1.85  »nd  thickness  twist  modo  to 

that  of  tho  rotated  y.cut  quartz  plate  as  follow  1.04,  respectively . 

Tho  coupling  factor  calculated  from  tho 
physical  constanto  is  somowhat  largor  than  tho 
value  obtainod  from  resonant  frequency,  and 
rosonant  frequency  lowering  A  depends  on  a 
propagating  mode  TS  o$T.  This  is  difforont  from 
a  caoo  of  quartz  pla*o,  where  A  is  indopondont 
of  a  propagating  mode  in  a  given  plato.  From 
theso  fact,  it  io  considered  that  tho  coupling 
factor  doponds  on  not  only  propagating  modo  but 
also  the  dimension  of  electrodo.  In  case  of 
specimen  A  the  coupling  factor  is  moasurod  from 
tho  overtone  frequencies  of  fundamental  symmetric 
modo  as  a  function  of  a/H.  Fig.  4  shows  that 
measured  coupling  factor  approaches  to  some 
value  bolow  tho  kj.  calculated  from  the  physical 
constants  with  increasing  a/H.  From  furthor  experi¬ 
ments,  coupling  factor  also  deponds  on  width  (b) 
of  electrode  shown  in  Fig.  1.  Therefore,  it  is 
necessary  to  considor  propagating  modo,  length  and 
width  of  olectrodo  against  thicknooa  of  plato  in 
order  to  design  a  filter. 

The  ma.'hanical  quality  factor  Q  is  about  400 
as  shown  in  Table  2.  This  low  Q  were  obsorved 
in  all  tested  rosonators  vibrating  thickness  shear 
modo,  and  greatly  depend  on  tho  holding  condition. 
However,  the  ((  values  ore  greater  than  1CT  in 


Direction  rotatod  Y.cut  quartz  X-cut  LiTaOj 

thickness  Xg  or  2  x^  or  1 

displacement  x^  or  1  Xg  or  2 

Therefore,  the  probloms  of  tho  wave  propagation 
for  tho  plate  la  treated  by  similar  mothods  as 
bo  done  for  the  rotated  Y.cut  quartz  plate? 

In  case  of  TT  mods  such  as  specimen  B,  a 
rosonant  frequency  of  enharmonic  symmetric  modo 
f  ia  givon  by 

MV  t(,n  <r0*)  - 1  .  (5) 

and  for  an  anti. symmetric  mode 


Mr.)  cot  ■  - 1  .  (6) 


if  .  f 
enti  symm 
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case  of  the  length  expander  bar\  The  ultras¬ 
onic  attenuation  of  LiTaO,  measured  by  the  author 
et.al.,  0.07  d B/  jiS  at  50  MHa  gives  Q  valua 
probably  greater  than  10  .  The  reason  of  this 
discrepancy  is  not  clear,  however,  it  may  be 
thought  that  acoustic  energy  is  mechanically 
dissipated  in  the  trapping  state. 


Conclusion 


In  a  lithium  tantalate  X-cut  resonator, 
resonant  frequency  lowering  is  mainly  contributed 
by  a  piezoelectric  effect  and  mass  loading  effect 
doos  not  do  its  role.  Considering  a  suitablo 
anisotroplo  constant,  resonant  frequencies  of 
thickness  twist  and  thickness  shear  mode  are 
expressed  by  a  similar  formula  as  a  function 
of  the  ratio  a/H,  where  a  is  the  length  of  elect*, 
rode  and  H  the  thickness  of  resonator.  In  case 
of  multimode  monolithic  filter,  obtainable 
maximum  band  width  ia  about  6  /,  . 
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List  of  the  characteristics  of  the  specimens 


characteristic 

specimen  A 

specimen  B 

L  along  y-axls 

13.5  mm 

13.7  mm 

W along  z-ax(s 

175  mm 

17.0  mm 

H  along  x-oxis 

l.l  5  mm 

0.94mm 

electrode 
length  2a 

16.5  mm 

14.4  mm 

electrode 
width  b 

3  mm 

3  mm 

,lesST7 

0.5  micron 

0.15  micron 

coupling  factor 

0.41 

0.37 

c. 

-2<i£pF_.  . 

c, 

3.3  pF 

L, 

2.8  mH 

R 

735  a 

0 

380 

Dimmenslon  of  a  lithium  tantalate  X-cut 
resonator,  cose  of  specimen  A. 


Physical  constants  of  LiToOj  X-cut  plate 


velocity 

fast  shear  wove 
~v*=4.34xl09cm/s 

slow  shear  wove 
V-=339xl05cm/s 

coupling  factor 

kf=47.2% 

k,=5.5% 

direction  of 
displacement 

<?♦=  ■  49° 

9.=+4l° 

Relation  of  resonant  frequency  versus  a/H. 
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=  3 
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\TT  mode 
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■~x - 


- - 

J _ L 


2  3  4  5  6 

(a/H) 


Bond  width  versus  (a/H) 
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Lengths  of  electrode  o,  and  resonant  frequencies. 


specimen  A 

i 

2 

3 

4 

5 

a  mm 

8.21 

6.38 

4.46 

2.93 

1.41 

a/H 

HHI 

5.55 

3.88 

2.55 

1.23 

rSi'.'.HUw 

1.716 

1.719 

1.727 

1.744 

1.777 

U  MHz 
second 

1.784 

1.803 

1.866 

1.747 

1.756 

1.783 

1.835 

1.882 

MltSsESa 

Ml 

specimen  B 

1 

2 

3 

4 

a  mm 

7.18 

5.49 

3.93 

1.94 

a/H 

7.68 

5.84 

3.61 

2.06 

fundamental 

w  RhT 

second 

2.144 

2.148 

2.151 

2.170 

2.171 

2.189 

2228 

fotrff-tyM  MHz 
fundamental 

2.155 

2.162 

2.180 

2.241 

f.» 2.310MHz,  f.-2J40MHz| 

30 


2 


_L 

3 


J _ L 

4  5 

(o/H) 


6 


J _ L 

7  8 


Coupling  factor  versus  (o/H) 


Resonant  frequency  lowering,  mass  loading,  and 
plezo-electric  effect 


specimen  A 

specimen  B 

coupling  factor  k 

0.41 

0.37 

frequency  lowering  A 

9.0%  _ 

7.4  % 

mass  toodlg 

effect  R 

0.051  % 

0.019% 

piezoelectric 

effect  P 

7.4  % 

6.1  % 

CdS-QUARTZ  MONOLITHIC  FILTERS  FOR  THE 
100-500  MHz  FREQUENCY  RANGE 


D.  A.  Roberts 
Gould  Inc. 

Gould  Laboratories  -  Cleveland 
Cleveland,  Ohio 


Summary 

A  severe  limitation  on  quartz  monolithic 
filter  bandwidth  is  imposed  by  a  reduction  in  the 
effective  electromechanical  coupling  factor  at  har¬ 
monic  modes  which  are  necessary  for  filter  applica¬ 
tions  above  100  MHz.  This  paper  describes  a 
method  by  which  the  upper  bandwidth  limitation  can 
be  extended  nearly  two  orders  of  magnitude  by 
utilizing  a  high  coupling  piezoelectric  thin  film  (CdS) 
in  combination  with  the  conventional  AT)  quartz 
filter  crystal.  The  composite  CdS -quartz  filter  can 
be  designed  to  have  nearly  the  frequency-temperature 
stability  of  AT- quartz  alone  (<  1  ppm/“C)  and  can  be 
terminated  directly  in  a  small  resistive  impedance 
without  the  need  for  additional  components  such  as 
coils  or  transformers.  Energy  trapping  principles 
and  filter  design  methods  apply,  just  as  with  con¬ 
ventional  quartz  filters. 

Measurements  on  a  number  of  CdS-quartz 
resonators  and  filters  are  teported  with  emphasis 
on  results  for  190  MHz  7th  harmonic  mode  2,  4  and 
6 -pole  filter  prototype*.  Low  ripple  Chebyshev  and 
maximally  flat  bandpass  filter  responses  are  achieved 
with  these  units,  having  3  dB  bandwidths  around 
130  kHz,  1-3  dB  insertion  loss  per  resonator  and 
>  50  dB  ultimate  out-of-band  rejection  per  2- resona¬ 
tor  filter  section  when  terminated  directly  in  50  O. 
Direct  coupled  2-resonator  filter  sections  yield  4  and 
6  resonator  tandem  monolithic  filter  configurations 
which  are  shown  to  be  effective  in  suppressing 
spurious  modes  as  well  as  increasing  ultimate  out- 
of-band  attenuation  and  filter  selectivity. 

Design  formulae  are  presented  for  fabricating 
CdS-quartz  composite  resonators  to  predetermined 
specifications  (ke^  and  QM)  for  subsequent  use  in 

filter  design.  Experimental  and  theoretical  com¬ 
parisons  between  quartz  and  CdS-quartz  devices  are 
discussed. 

Introduction 

The  conventional  quartz  filter  crystal  is 
currently  limited  to  fundamental  mode  frequencies 
around  40-50  MHz.  Higher  fundamental  frequencies 
have  been  realized  but  require  quartz  wafers  so  thir. 
as  to  border  on  the  limits  of  present  day  manufar*-r 
ing  capabilities.  It  is  possible,  of  course,  to 
operate  a  quartz  resonator  at  odd  harmonics  1 
5,  7,  ...)  above  the  fundamental,  but  under  •  *d 
conditions  the  effective  electromechanical  cow,  j.g 
factor  kefj.  is  reduced  to  l/p  times  its  value  for 

fundamental  mode  operation.  Since  the  maximum 
attainable  inductorless  bandwidth  for  a  crystal  filter 

2 

is  proportional  to  ke^,  wave  filters  utilizing  conven¬ 
tional  overtone  quartz  resonators  are  severely 
limited  in  bandwidth  above  100  MHz.  1 

The  device  to  be  described  in  this  paper  is  a 
thin  film  cadmium  sulfide -quartz  crystal  filter  which 
combines  the  high  frequency- temperature  stability 
of  AT-quartz  with  significantly  higher  electro¬ 
mechanical  roupling  than  is  possible  with  a  com¬ 
parable  quartz  crystal  filter  for  the  same  frequency 


and  wafer  thickness.  It  is  anticipated  that  the  com¬ 
posite  filter  will  have  its  greatest  utility  for 
frequencies  in  the  range  100-500  MHz. 

Before  discussing  the  composite  CdS-quartz 
filter,  it  is  instructive  to  review  the  essential 
features  of  the  thin  film  composite  resonator,  shown 
schematically  in  Fig.  i.  2  The  device  consists  of  an 
oriented  thin  film  piezoelectric  transducer  (2-5  (1) 
which  is  deposited  with  metal  electrodes  onto  a  high 
Q  wafer  substrate  (typically  20-30  MHz  fundamental 
frequency).  This  structure  can  be  operated  at  any 
number  of  even  or  odd  harmonic  modes,  but  the 
strongest  responses  (i.  e.  ,  responses  having  lowest 
motional  impedance)  result  for  those  harmonics  at 
which  there  is  roughly  one-quarter  to  one-half 
acoustic  wavelength  in  the  transducer  film.  Energy 
trapping  techniques  can  be  applied  in  order  to  confine 
the  vibratory  energy  to  the  CdS-quartz  volume  in 
the  immediate  vicinity  of  the  electroded  j-egion,  just 
as  with  conventional  quartz  resonators.  The  elec¬ 
trical  equivalent  circuit  for  a  composite  resona,or 
near  a  strong  resonance  response  is  likewise 
identical  to  that  used  to  represent  its  quartz  counter¬ 
part  (Fig.  1).  I'he  shear  mode  version  of  the  com¬ 
posite  resonator  can  be  designed  to  have  a  high 
degree  of  frequency  stability  over  any  specified 
range  of  temperatures  by  utilizing  a  Y-rotated  cut 
of  quartz  close  to  the  AT  or  BT  cuts  having  a  small 
positive  temperature  coefficient  which  balances  the 
negative  coefficient  of  the  CdS  layer.  4 

In  Fig.  2,  electromechanical  coupling  k^ 

and  mechanical  Q  are  compared  for  ( 1)  a  conventional 
quartz  resonator,  (2)  a  CdS-quartz  resonator  having 
a  quarter-wave  transducer  and  (3)  a  CdS-quartz 
resonator  having  a  half-wave  transducer.  Numercd 
examples  are  also  given  comparing  shear  mode 
designs  near  300  MHz  assuming  that  the  same  AT- 
quartz  wafer  (33  MHz  fundamental  frequency)  is  used 
in  each  design.  The  formulae  and  examples  given 
illustrate  the  principle  dynamic  feature  of  the  com¬ 
posite  r'  •!  -  ■  which  is  high  electromechanical 
coupltr. at  /ertone  frequencies.  Corresponding 
maximui.  .nductorless  fractional  bandwidths 
2 

keff,2>  are  given  in  the  right  hand  column  of 

Fig.  2  for  bandpass  filters  utilizing  each  of  the  three 
resonator  design  examples,  thus  demonstrating  the 
theoretical  capability  for  achieving  up  to  100  times 
larger  bandwidths  with  CdS-quurtz  monolithic  filters 
than  is  possible  with  quartz  alone.  It  is  also 
important  to  note  that,  because  of  the  moderately 
large  values  of  kejj.  for  a  composite  resonator  and 

because  the  transduoei  electrodes  are  separated 
only  by  the  very  thin  transducer  fiim,  the  motional 
impedance  of  a  composite  resonator  is  considerably 
smaller  than  for  a  comparable  quartz  resonator 
geometry.  Two  practical  advantages  are  gained  by 
this  feature.  ( 1)  much  smaller  electrodes  may 
typically  be  used  in  composite  resonator  (or  filter) 
design  without  being  forced  to  intolerably  high 
impedance  levels,  thus  casing  the  problem  of  com¬ 
plying  with  energy  trapping  theory  for  strong, 
spui  ious  free  responses  while  maintaining  reasonable 
electrode  thickness  and  (2)  small  filter  termination 
resistances  (50-300  O)  are  possible  for  typical 


composite  filter  designs,  which  virtually  eliminates 
the  need  for  balancing  out  inevitable  parasitic  capaci¬ 
tances  with  external  coils. 

Design  and  Fabrication 

The  geometry  of  a  2-resonator  CdS-quartz 
monolithic  filter  is  illustrated  in  Fig.  3  together  with 
typical  dimensional  values  for  filters  which  have  been 
successfully  fabricated.  The  design  consists  of  two 
acoustically  coupled  composite  resonators  on  the 
same  quartz  wafer.  The  design  process  is  carried 
out  by  choosing  a  composite  resonator  configuration 
(using  Fig.  2,  for  example)  for  which  keff  and 

satisfy  bandwidth  and  insertion  loss  specifications 
for  the  filter  insertion  loss  characteristic  desired 
(Butterworth,  etc).  Then  electrode  and  electrode 
gap  dimensions  and  plate-back  are  calculated  accord¬ 
ing  to  ordinary  overtone  quartz  design  methods, 
consistent  with  the  desired  filter  termination  impe¬ 
dance  and  normalized  filter  design  parameters 
tabulated  in  filter  design  handbooks.  In  other  words, 
once  the  composite  resonator  structure  is  decided, 
all  else  proceeds  just  as  for  quartz  overtone  filter 
design.  ^>6,7  A  possible  exception  is  that  the  quartz 
coupled  resonator  theory  might  need  slight  alteration 
to  account  for  the  presence  of  the  CdS  transducer 
layer.  For  the  190  MHz  2-pole  filter  design 
reported  in  this  paper,  no  such  alterations  were 
necessary. 

The  fabrication  of  these  filters  consists  first 
of  depositing  split  aluminum  electrodes  onto  the 
quartz  wafer  substrate.  For  the  design  reported 
here  the  electrodes  are  oriented  so  that  the  inter¬ 
resonator  coupling  direction  is  the  quartz  Z'-axis, 
thus  utilizing  quartz  thickness  twist  waves.  Next, 
the  wafer  is  heated  to  about  180°  C  and  a  CdS  layer 
is  vacuum  deposited  from  an  oblique  angle  of  50*  from 
th>-  -vafer  normal  at  a  rate  of  0.  2  p/min.  Separate 
Co"  and  sulfur  evaporation  sources  are  used  in  an 
evaporator  system  similar  to  one  described  by 
N.  F.  Foster.  8  The  orientation  of  the  deposited 
polycrystalline  CdS  film  is  such  that  the  hexagonal 
c-axes  make  an  average  angle  of  about  30°  with  the 
substrate  normal  (maximum  piezoelectric  coupling 
to  the  quasi-shear  mode),  and  the  projection  of  the 
CdS  c-axes  onto  the  plape  of  the  wafer  coincides 
with  the  quartz  X-axis. 1  Before  cooling  the  CdS- 
quartz  structure  back  to  room  temperature,  a  thin 
layer  of  copper  or  copper  sulfide  is  deposited  over 
the  CdS  in  order  to  help  compensate  excess  sulfur 
vacancies  in  the  film.  Finally,  the  split  top  alumi¬ 
num  electrodes  are  deposited  onto  the  room  tempera¬ 
ture  composite  structure.  The  evaporator  vacuum 
is  released  between  successive  metal  and  CdS 
depositions  in  order  to  change  evaporation  masks, 

A  photograph  of  a  mounted  CdS-quartz  filter  is 
shown  in  Fig.  4  together  with  a  simple  test  fixture 
for  making  filter  insertion  loss  measurements. 

The  test  fixture  is  designed  to  present  50  0  termin¬ 
ations  at  the  filter  package  terminals  when  connected 
into  50  n  measurement  circuitry.  For  2-termlnal 
resonator  measurements,  the  printed  circuit  con¬ 
nections  on  the  backside  of  the  wafer  mounting 
board  permit  the  two  (coupled)  resonators  to  be 
connected  electrically  as  a  single  resonator  which 
can  then  be  excited  either  in  the  symmetric  mode 
(resonators  vibrating  in  phase)  or  the  antisymmetric 
mode  (resonators  vibrating  180°  out  of  phase). 

Experimental  Results 

Before  proceeding  to  the  filter  development 
results,  it  is  instructive  to  observe  the  overall 
frequency  response  of  a  CdS-quartz  composite 
resonator.  A  half-lattice  (hybrid  coll)  measurement 


bridge  is  used  to  plot  the  response  shown  in  Fig.  5 
for  resonator  CR03-D.  J  The  curve  demonstrates 
the  application  of  conventional  energy  trapping 
principles  to  achieve  strong,  spurious- free  responses 
in  CdS-quartz  resonators.  For  quantitative  resonator 
measurements,  complex  impedance  vs.  frequency  is 
measured  using  a  conventional  VHF  impedance  bridge 
with  special  fixturing  for  tuning  out  stray  reactances.13 
The  data  is  then  plotted  on  polar  impedance  coordi¬ 
nates  (Z,  6),  as  shown  in  Fig.  6.  In  this  example, 
the  impedance  characteristic  is  measured  for  the 
(coupled)  resonators  of  a  monolithic  filter  in  which 
the  two  resonators  are  connected  together  as  a  single 
resonator  in  the  antisymmetric  mode  excitation. 

The  impedance  circle  plot  makes  possible  the 
determination  of  resonator  parameters  such  as 
motional  resistance  at  resonance  R .,  shunt  capaci¬ 
tance  C  ,  electromechanical  coupling  k  ff  and 
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mechanical  quality  factor  Q. 
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A  summary  of 


measured  resonator  parameters  for  a  number  of 
CdS-quartz  resonators  and  filters  is  given  in  Fig.  7. 

In  the  right  hand  column,  harmonic  mode  p  is  given 
along  with  an  indication  whether  the  response 
measured  is  a  symmetric  or  antisymmetric  mode. 

The  first  two  entries,  PR-14C  and  CR03-B,  are 
single  resonator  units  with  circular  electrodes,  so 
they  are  of  necessity  excited  in  the  symmetric 
mode.  These  two  resonators  and  the  first  filter 
entry,  CF01-B,  have  half-wave  (X/2)  CdS  transducers 
at  the  harmonic  modes  indicated,  while  the  remaining 
filter  entries  have  quarter-wave  0/4)  transducers 
The  socalled  resonator  "figure  of  merit"  is 

in  the  neighborhood  of  8  for  all  these  units;  hence, 
one  can  predict  at  once  that  2-pole  CdS-quartz  band¬ 
pass  filters  with  the  resonator  parameters  given  in 
Fig.  7  and  having  Butterworth  or  low  ripple 
Chebyshev  insertion  loss  characteristics  should  have 
insertion  loss  values  in  the  neighborhood  of  4  dB 
(not  including  losses  due  to  series  electrode  resist¬ 
ance)  for  properly  terminated  and  optimally  designed 
units.  b  It  is  interesting  that  state-of-the-art  con¬ 
ventional  quartz  resonators  operating  at  comparable 
harmonics  and  frequencies  exhibit  resonator 
"figures  of  merit"  comparable  to  or  slightly  lower 
than  those  reported  in  Fig.  7,  although  the  individual 
k  ,f  and  Q,,  values  differ  considerably  from  corre¬ 
sponding  values  for  CdS-quartz  resonators.  31 


The  remainder  of  this  paper  describes  the 
successful  utilization  of  CdS-quartz  resonators  in 
composite  filter  fabrication.  Figures  8  and  9  give 
attenuation  and  phase  delay  vs.  frequency  for  a 
191  MHz,  7th  harmonic  mode  monolithic  filter  which 
is  terminated  directly  in  50  O  transmission  line. 

The  passband  insertion  loss  can  be  reduced  to  4  dB 
while  at  the  same  time  virtually  eliminating  passband 
ripple  by  terminating  the  filter  in  a  load  slightly 
larger  than  50  fl  .  The  135  kHz  3  dB  bandwidth  is 
close  to  the  optimum  design  fractional  bandwidth  given 

O 

by  k‘j.f/2  =  0.  08%  and  compares  to  the  maximum 
inductorless  bandwidth  for  quartz  at  this  harmonic, 

p 

kej.|./2  **■  0.  007%.  An  outstanding  feature  of  the 

insertion  loss  characteristic  in  Fig.  8  is  the  >  50  dB 
ultimate  out-of-band  rejection,  impressive  for  a 
2-pole  filter  at  this  frequency.  The  small  spike  near 
182  MHz  results  from  slightly  inaccurate  alignment 
of  the  hexagonal  c-axes  of  the  polycrystalline  CdS 
film  with  respect  to  the  quartz  X-axis,  so  that  a 
second  shear  mode  series  (the  socalled  "fast"  shear 
modes,  controlled  primarily  by  the  quartz  elastic 
constant  c^)  is  electrically  excited  in  the  composite 

structure  in  addition  to  the  main  harmonic  mode  series 
(socalled  "slow"  shear  series).  In  fact,  if  the 
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frequency  scale  in  Fig.  8  were  extended  far  enough, 
one  could  observe  not  only  two  thickness  shear  mode 
harmonic  series,  but  also  a  thickness  extensional 
mode  series  which  is  piezoelsctrically  excited  by 
virtue  of  our  choice  of  CdS  c-axis  orientation  with 
respect  to  the  quartz  wafer  normal.  13  The  small 
spike  at  182  MHz  is,  of  course,  well  suppressed 
relative  to  the  main  (slow  shear)  harmonic  mode  of 
interest,  but  it  is  possible  that  the  stronger  thickness 
extensional  modes  or  even  the  other  very  strong 
slow  shear  harmonics  (also  a  problem  with  overtone 
quartz  filters)  would  yield  undesirable  additional 
passbands.  Unwanted  harmonic  modes  as  well  as 
spurious  (or  inharmonic)  modes  associated  with  the 
main  mode  of  interest  can  be  greatly  suppressed 
while  at  the  same  time  increasing  ultimate  out-of- 
band  rejection  and  filter  selectivity  by  connecting 
two  or  more  2-pole  filter  sections  in  tandem,  each 
filter  section  being  designed  for  a  different  harmonic 
(i.  e. ,  p  =  7  and  p  =  8)  such  that  only  the  main  modes 
of  interest  coincide  in  frequency.  This  technique 
is  particularly  effective  using  composite  filters 
because  ultimate  out-of-band  rejection  for  individual 
2-pole  filters  is  so  high  and  because,  unlike  quartz 
filters,  adjacent  harmonics  having  between  one- 
quarter  wave  and  one-half  wave  in  the  transducer 
layer  have  abnost  indistinguishable  motional 
parameters.  2 

Figure  10  shows  the  insertion  loss 
characteristic  for  a  4- pole  tandem  monolithic  filter 
in  which  two  identical  2- pole  filter  sections  are 
direct-coupled  together  (no  interstage  reactive 
elements),  thus  preserving  the  truly  monolithic 
nature  of  the  CdS-quartz  filter.  This  filter  is 
terminated  in  slightly  greater  than  50  O  impedance 
in  order  to  achieve  a  maximally  flat  (Butterworth) 
passband  characteristic.  The  30  dB/3  dB  skirt  ratio 
for  this  unit  is  2.  4,  very  close  to  the  value  expected 
theoretically.  5  In  Fig.  11  a  third  2-pole  filter 
section  has  been  inserted  in  tandem  with  the  4-pole 
filter  just  discussed,  giving  a  6-pole  filter  charac¬ 
teristic  with  excellent  selectivity.  The  6-pole  filter 
is  not  a  legitimate  minimum  insertion  loss  design 
because  three  2-pole  sections  having  identical  center 
frequencies  and  bandwidths  are  simply  direct- 
coupled  together,  whereas  optimum  insertion  loss 
design  specifies  non- identical  sections  for  a  6 -pole 
response.  3  This  consideration  explains  the 
unusually  high  insertion  loss  for  the  response  shown 
in  Fig.  11. 

Figures  12  and  13  demonstrate  the  utilization 
of  a  4-pole  CdS-quartz  tandem  monolithic  filter  in  a 
circuit  application,  in  this  case  a  filter-amplifier 
circuit.  Figure  12  shows  that  the  circuit  design 
utilizes  only  transistors,  capacitors  and  resistors 
which  are  compatible  to  hybrid  chip  (IC)  realization 
in  order  to  be  consistent  with  the  truly  monolithic 
nature  of  the  composite  filter.  Although  some  gain 
is  sacrificed,  the  need  for  coils  has  been  completely 
eliminated,  a  feature  which  could  not  be  achieved 
using  conventional  broad-banded  quartz  crystal 
filters  at  this  frequency  and  bandwidth.  The  10  dB 
pass  band  gain  shown  in  Fig.  lo  compares  to  12  dB 
passband  insertion  loss  for  this  particular  4-pole 
filter  when  terminated  in  50  O  .  Bandwidth  and 
center  frequency  are  virtually  unaffected  by  the 
presence  of  the  surrounding  circuitry,  although  some 
deterioration  in  ultimate  out-of-band  rejection  did 
result  from  inadequate  shielding  and  grounding  in  the 
chassis  construction. 

Temperature  characteristics  for  CdS-quartz 
filters  operating  at  half-wave  and  quarter-wave 
transducer  modes  are  shown  in  Fig.  14  (indicated 
as  Types  I  and  n,  respectively).  Both  filters  were 
designed  to  have  optimum  frequency  stability  over 


the  -e0°C  to  +85°  C  temperature  range  when 
operated  at  the  half-wave  transducer  mode.  5  The 
data  presented  in  Fig.  14  demonstrate  the  high 
degree  of  stability  possible  with  the  composite  CdS- 
quartz  filter.  The  maximum  filter  center  frequency 
excursion  from  room  temperature  frequency  is  only 
a  few  percent  of  filter  3  dB  bandwidth  for  these  filter 
designs. 

The  extension  of  the  present  work  to  lower 
frequencies  than  190  MHz  is  straightforward  and 
should  yield  low  loss  multi-pole  filter  designs.  The 
extension  to  frequencies  higher  than  190  MHz  has 
been  attempted  on  a  limited  basis.  CdS-quartz 
filters  have  been  operated  as  high  as  400  MHz,  giving 
flat  passbands  and  good  selectivity.  Figure  15  shows 
a  335  MHz  2-pole  filter  response  utilizing  the  11th 
thickness  extensional  harmonic  mode,  having  a  3  dB 
bandwidth  of  390  kHz  and  minimum  insertion  loss  of 
10  dB.  12  Shear  mode  filter  development  above 
300  MHz  has  so  far  yielded  units  with  even  higher 
insertion  loss.  It  is  felt  that  further  filter  design 
optimization  together  with  modest  improvement  m 
resonator  properties  (i.  e. ,  k2ff  QM)  will  be  necessary 

before  low  loss  composite  filters  can  be  fabricated 
at  frequencies  above  300  MHz.  This  may  require  a 
more  suitable  transducer  material  than  thin  film 
CdS,  but  it  should  be  pointed  out  that  the  CdS  film 
properties  achieved  in  this  work,  i.  e. , 
kpglCdS)  s  0.  17  and  QM(CdS)  £700  at  200  MHz,  are 

not  necessarily  indicative  of  the  parameters  values 
which  could  be  realized  in  an  optimized  film  deposition 
system. 
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RESONATOR  Z-0  IMPEDANCE  CIRCLE  FOR  THE  FIRST 
ANTISYMMETRIC  TRAPPED  ENERGY  MODE  IN  CdS-QUARTZ 
COMPOSITE  MONOLITHIC  FILTER  CF05-D  AT  THE  7th 
THICKNESS  SHEAR  HARMONIC 


SUMMARY  OF  MEASURED  RESONATORS  PARAMETERS 
FOR  SELECTED" tdS-QUARTZ  RESONATORS  AND  FILTERS 


UNIT 

MMHj) 

C0lpF) 

kef  f 

PR-I4C 

234 

3.5 

5.2  % 

CR03-9 

235 

3.9 

5.2  % 

CFO  1-8 

191 

1.5 

6.1  % 

CF05-B 

191 

2.2 

3,6  % 

CF05-D 

191 

2  1 

4.0  % 

CF06-8 

191 

2.3 

3  4  % 

CF07-D 

191 

2.1 

3.2  % 

CF09-8 

191 

2.2 

2.6  % 

Qm 

keff°M 

MODE 

3<00 

9.2 

p*9,  SYMM 

4000 

10.8 

P'9,  SYMM 

2100 

7.S 

P*7 ,  SYMM 

5700 

6300 

6200 

7000 

9300 

7.4 

10.0 

7.2 

7,0 

6.3 

P*7,  ASYM 
P'7,  ASYM 
P»7.  ASYM 
P'7.  ASYM 
P'7,  ASYM 

256 


o 


uCE 


QUARTZ  WAFER- 


~AT  OUARTZ  WAFER 
(30  MHz  FUNDAMENTAL) 


2  MILS 

x7  MILStir 


Co  •  Kc-^ 
L|  C 

cl  ke(f  2  c*/c» 


Ri  _  wL| 

qm*TT  ‘ 


QM  » «(wC|R») 
M  R, 


SCHEMATIC  OF  CdS-QUARTZ  COMPOSITE 
RESONATOR  WITH  EQUIVALENT  ELECTRICAL 
CIRCUIT  VALID  AT  ANY  OF  ITS  STRONG 
(EVEN  OR  000)  HARMONIC  MOOES. 


Xj 

iPfj 

IH-.'.VI  15  MILS 

|fi 

1 

y( 

L,  C 

i  ci  L| 

-"HI 

:c0 

1  II  0000  j  ° 

JC|2  jCo 

SCHEMATIC  OF  2-RESONATOR  CdS-QUARTZ 
MONOLITHIC  FILTER  WITH  EQUIVALENT 
CIRCUIT  FOR  A  2-POLE  BANDPASS  FILTER. 


COMPARISON  OF  QUARTZ  AND  CdS-QUARTZ  RESONATORS* 


°M 


MAXIMUM  INDUCTORLESS 
FRACTIONAL  BANDWIDTH 


1  kq 

2  p 

(0.9%) 


(30,000) 


CdS-QUARTZ 
x/4CdS 
mX/4  QUARTZ 

CdS-QUARTZ 
VfeCdS 
n>/2  QUARTZ 


yrsiTT 


+  mZe/Zqj 

(A. 5  %  ) 


'  +-^1]  i  +  i^S 

m  Zq  Qq  HI  4q 


(0300) 


/T  ke  M  IZdf  f  I  Z« 

'  r2  (l  +  nZq/Ze]1'1  [Oq  nZ,Qe|  [ 1  ^ 7T ZQ 


(7.0%) 


(4000) 


(0.004%) 


(0.100%) 


(0.250%) 


^NUMERICAL  EXAMPLES  IN  PARENTHESES  ASSUME  33  MHz  FUNDAMENTAL 
AT-OUARTZ  WAFERS  ARE  USEO  AND  THAT  EACH  RESONATOR  IS  OPERATED 
AT  THE  HARMONIC  NEAREST  300  MHz. 
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190.628 

FREQUENCY  IN  MHi 


CdS-QUARTZ  TANDEM  COMPOSITE  MONOLITHIC  (4-POLE)  FILTER  CF06-B/ 
CF05-0  AT  THE  7th  THICKNESS  SHEAR  HARMONIC  MODE.  TERMINATION 
RESISTANCES  ADJUSTED  FOR  FLAT  PASS8AND. 
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CdS-OUARTZ  TANDEM  COMPOSITE  MONOLITHIC  6-POLE  FILTER 
CF06-B/CF07-D/CF05-D  AT  THE  7th  SLOW  SHEAR  HARMONIC  MODE  WHEN 
TERMINATED  IN  500  LINE. 


♦  >«v  .•  *IJV 


R|  60K,  10%  ,  '/»  W 
R2  470  ,  10%  ,  'A  W 
Rj  IOOK.  10%  ,  'A  W 
R4  ion  ,  10%  .  'A  W 

r5  son ,  1  %  .  'a  w 

(METAL  FILM) 


ALL  CAPACtTORS:  .OI^(d,  20V,  CERAMIC 

ALL  TRANSISTORS:  2N3866  (SHOULD  BE  HEAT  SINKEO) 

CFI,  CF2  ■  2-POLE  CdS-OUARTZ  MONOLITHIC  FILTERS, 900 DESIGN. 
MINIMUM  CAIN:  6  dB/ STAGE 
POWER  INPUT:  BSmA  AT  +I5V 


190  MHi  FILTER-AMPLIFIER  UTILIZING  CdS-QUARTZ  MONOLITHIC  FILTERS. 
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RELATIVE  GAIN  IN  dB 


VHF  FILTER -AMPLIFIER  GAIN  v*.  FREQUENCY  CHARACTERISTIC.  CdS-QUARTZ 
COMPOSITE  MONOLITHIC  (2-POLE )  FILTERS  CF06-0  8  CF05-B  WERE  USED 
TOGETHER  WITH  THREE  STAGES  OF  AMPLIFICATION  — NO  INDUCTORS  OR 
TRANSFORMERS. 


VARIATION  IN  BANDPASS  CENTER  FREQUENCY  f0  WITH  TEMPERATURE 
FOR  TYPE  J  CdS-OUARTZ  FILTER  CFOI-B  AND  TYPE  2  CdS-OUARTZ 
FILTER  CF09-B 
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CONSIDERATIONS  ABOUT  CHANNEL  FILTERS  FOR  A  NEW  CARRIER  FREQUENCY  SYSTEM 

WITH  MECHANICAL  FILTERS 
by 

H.  Schtisaler 

AEG-TELEFUNKEN  Forschungsinstitut,  79  Ulm/Do.  (W-Germany) 


Abstract 

A  premodulation  system  with  integral  signalling  which 
needs  only  one  type  of  channel  and  signalling  filters  each, 
has  been  developed.  Mechanical  filters  with  torsional 
vibrating  resonators  at  a  carrier  frequency  of  200  kHz 
fulfill  the  desired  specifications  (1/10  COITT).  The 
channel  filter  consists  of  6  and  the  signalling  filter  of 
3  resonators.  Additional  bridging  wires  allowed  the 
reduction  of  the  number  of  resonators  by  finite  poles. 
Therefore  the  volume  of  the  channel  filter  could  bo 
reduced  to  6  cm^. 

Fully  automatic  production  of  the  tort'onal  filters 
Will  bo  possible.  The  main  production  steps,  material 
problems  and  the  influence  of  bo'.h  of  them  on  the 
transmission  properties  of  the  filters  are  discussed.  With 
the  proposed  filters  it  is  possible  to  accommodate  600  - 
900  channels  In  a  bay. 


Modulation  System 

The  growing  market  for  telephone  equipment  compels 
manufacturers  to  design  more  automatic  and  economic 
systems  arid  production  techniques. 

At  tie  present  time  two  carrier  frequency  systems 
are  usod:  one  of  them  without  Integral  signalling  in  a 
kind  of  direct  modulation  with  12  typos  of  crystal  filters, 
the  other  with  integral  signalling  In  a  progroup  system 
with  8  types  of  coil  filters. 

The  earlier  systems  had  been  chosen  to  minimize 
the  number  of  needed  carriers  and  modulators.  The 
reiiability.tho  small  volume  and  lower  power  consumption 
of  semiconductor  equipment  allows  Increasing  the  number 
of  channels  for  one  carrier  supply.  The  expense  for  modu¬ 
lators  has  also  become  smaller.  Therefore,  It  seems 
interesting  to  minimize  the  expense  for  filters. 

Crystal  filters  1,2  or  coil  filters2  could  not  bo 
replaced  economically  by  mechanical  filters  without 
changing  the  system.  Premodulatlon  systems  with  only 
one  typo  of  filter  or 12  typo3  which  differ  only  slightly, 
have  boon  proposed4' 5>°. 

Figure  1  shows  tho  f  equency  ilan  and  a  circuit 
diagram  of  the  channel  unit  for  a  emodulation  system. 
The  VF  band  Is  first  modulated  v  ,»h  a  200  kHz  carrier 
and  filtered  by  the  channel  filter.  The  signalling  carrier 
with  203,825  kHz  is  then  added.  In  a  second  stop  the 
channels  with  integral  signalling  are  mooulated  with 
12  different  rrrrlers  from  264  to  308  kHz  to  form  a 
primary  group.  Tho  upper  sideband  and  other 
Intermodulation  products  are  suprossod  by  one  typo  of 
passive  RC-fllter.  The  channel  unit  consists  of 


2  channel  filters,  one  signalling  filter  at  the  receiver  end, 

3  lowpass  filters,  5  modulators  and  a  signal  receiver. 

The  lowpass  filter  LFhshould  only  form  the  signal,  and 
the  other  filters  LP2  and  LP3  suppress  signals  of 
broadcasting  transmitters  and  jamming  modulation 
products.  All  these  filters  are  simple  RC  networks. 

The  choice  of  carrier  frequency  for  the  premodulatlon 
depends  on  the  filter  concept.  System  engineering  shows 
that  below  the  primary  group  there  exists  only  the 
premodul8tion  frequency  of  43  kHz  without  jamming 
modulation  products,  and  the  carriers  for  the  second 
modulation  spaced  far  enough  from  tho  band  of  the 
primary  group.  Above  130  kHz  there  are  no  difficulties 
from  the  system,  but  the  specifications  for  theundosired 
couplings  and  tho  stability  of  components  ero  more 
stringent. 


Filter  Approximation 

Tho  tolerances  for  transmission  systems  ore  fixed  by 
CCITT.  Tho  tolerance  for  a  single  filter  Is  only  a  small 
part  of  the.  overall  tolerance.  In  Fig.  2  several  trans¬ 
mission  curves  ore  shown  for  two  types  of  channel  and 
one  typo  of  signallino  filter.  Duo  to  the  integral  signalling 
for  f'a  channel  filter  tho  same  ..hapo  factor  is  needed 
on  tho  carrier  end  upper  side  of  the  transmission  curve. 

A  symmetric  approximation  can  be  used. 

A  polynomial  filter  with  12  zeros  and  a  filter  with 
3  pairs  of  finite  poles  and  8  zeros,  both  having  a 
reflexion  coefficient  of  10  %,  fulfill  tho  specification  if 
tho  factor  Q  is  high  enough.  The  transmission  curves 
in  tho  passband  show  that  tho  normalized  q, 
defined  by  the  following  equation 

q  =  Q  •  B3/,m  .  (1) 

with  tho  3  dB  bandwidth  and  the  centre  frequency  L, 
of  tho  filter, must  be  higher  than  250  for  a  channel  filter. 
For  smaller  distortions  in  me  passband  (1/2C  CCITT) 
the  q  must  be  higher  than  400. 

The  polynomial  filter  needs  a  higher  q  tha  tho  filter  with 
damping  polos  due  to  the  stronger  edge  c'.  ;rtion.  An 
approximation  with  predistortion,  however,  shows  greater 
sensitivities  wilhrespoct  toproduction  tolerances  and 
will  not  oo  discussed  further.  Monolithic  crystal  filters 
with  a  carrier  frequency  of  8140  kHz  and  a  q  =  80  can  not 
satisfy  the  specification  for  a  system  with  integral 
signalling.  Tho  proposed  system  with  monolithic  crystal 
filters  works  without  in  egrai  signalling  and  therefore 
allows  greater  attenuation  distortion  in  the  passband  and 
demands  lower  attenuation  values  in  tho  stopband7. 
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The  signalling  filter  for  203,825  kH2  is  calculated  froma 
Butterworth  approximation  with  100  Hz  bandwidth.  With 
q  =  250  the  transmission  losses  are  in  the  order  of  3  dB. 
Channel  filter  and  signalling  filter  transmission  curves  are 
drawn  in  the  stopband. 

The  stability  is  the  other  '  nportant  argument  for  a 
filter  concept.  It  is  assumed  that  the  centre  frequency 
of  the  channel  and  signalling  f, Iters  may  change  less 
than  10  Hz  in  the  temperature  range  10°C  to  50°C  and 
less  than  10  Hz  in  the  whole  life  of  the  filters.  In  Fig.  3 
the  comparison  of  the  O  ,  the  temperature  coefficient 
and  tha  aging  rate  per  year  under  these  conditions  for  four 
filter  concepts  are  given.  The  values  in  brackets  are 
experimental  values  which  we  have  found  in  publications 
or  which  wo  have  measured  ourselves. 

On  account  of  the  too  low  q  values  a  premodulation 
concept  with  LC-filters  concentrated  in  a  block  and 
monolithic  crystal  filters  cannot  be  realized  . 

Temperature  coefficient  and  aging  rate  ore  at  an  extreme 
point  in  this  case  also.  The  two  concepts  with  mechanical 
filters  have  enough  reserves. 


The  composite  longitudinal  vibrating  transducers  ore 
coupled  to  the  torsional  resonators  at  opposite  points 
on  the  circumference.  X/4  (6,3  mm)  was  chosen  for 
the  longth  of  the  coupling  wires  which  have  a  diameter 
dependent  on  the  desired  coupling  coefficient  between 
90/j  and  180/j. 

The  supporting  wires  are  fixed  in  a  node  for  the 
torsional  mode  and  point  welded  to  a  comb  shaped  ,~>etal 
sheet  which  is  fixed  on  a  base  plate.  The  transducers  are 
fixed  and  connected  to  contact  wires  for  input  and  output. 
The  transducers  reach  a  coupling  coefficient  greater  than 
20  Therefore,  no  coil  is  needed  for  the  matching  of  the 
filter,  because  there  is  no  selection  by  an  electric  circuit 
in  the  filter,  spurious  modes  of  the  filler  must  be  very 
weak.  Measurements  confirm  the  expected  spurious  mode 
suppression. 

The  volume  of  the  channel  filter  is  not  more  than 
6  cm3.  Some  results  about  the  temperature  and  time 
stability  are  given  later. 


Filter  Synthesis 


Mechanical  Fi  Iters 


A  lot  of  proposals  have  bean  mode  for  filter 
structures  with  mechanical  resonators®.  Ar.  optimal  concept 
must  be  especially  moasured  on  the  production  expenses. 
Earlier  concepts  are  nut  satisfying.  There  are  two  new 
concepts  for  mechanical  channel  filters  which  soem  to  be 
interesting. 

For  a  carrier  frequency  of  48  kHz  a  polynomial  filter 
with  bending  resonators  and  transducers  and  only  one  & 
longitudinal  vibiatmg  coupling  wire  has  been  described  . 
Figure  4  shows  a  drawing  of  such  a  filter  that  has  been 
obtained  from  a  patent  application.  The  bending  resonators (6) 
ore  approximately  <7  mm  long  and  hove  a  cylindrical 
form  with  a  flat  face  on  ono  side  so  that  there  is  a  fixed 
orientation  of  the  mode.  For  supporting  the  resonators 
two  bars  (4)  ore  fixed  at  ono  end  in  the  nodes  of  the 
bonding  resonators  and  at  the  other  end  solderod  in  the 
bottom  of  the  case.  The  transvorsally  excited  transducers 
consist  of  a  metal  part  If?)  and  a  disc  of  PZT  ceramic 
(.10).  The  polarisation  of  the  bending  vibration  is  in  the 
filter  plane.  The  length  of  the  longitudinally  vibrating 
coupling  wire  (8)  between  two  resonators  is  in  the  order 
of  A/20  and  the  wiro  has  a  thickness  of  approx.  0,5  mm. 

The  electromechanical  coupling  coefficient  reaches  values 
between  10  and  15  %  and  is  not  high  enough  for  matching 
of  the  channel  filter  dispensing  with  a  coil. 

Disadvantages  of  this  concept  ore  the  largo  number 
of  resonators  (12  vibrators),  the  volume  of  the  filter 
(fiitor  and  matching  coils  30  cm®),  and  difficulties  with 
tho  spreading  size  of  the  welding  points  (accuracy  needed 
bot‘er  than  10ju) . 

Our  concept  with  torsional  resonators  and  o  carrier 
frequency  at  200  kHz  is  based  on  10  years  experience  in  tho 
production  of  SSB  filters10.  The  expense  of  this  concept 
has  beonlargely  reduced  by  using  finite  polos, 

piezoelectric  transducers  and  a  new  supporting  technique 


A  signalling  filter  and  a  channel  filter  ore  shown  in 
Fig.  5.  Tho  signalling  filter  FZ  23  T  consists  of 
3  torsiona.  resonators  (4  mm  diameter  and  7  mm  long) 
which  are  Interconnected  by  2  wires  for  a  weak  coupling 
on  tho  face  ot  tho  resonators  and  2  supporting  wlros.  The 
channel  fiitor  FE  21  T  consists  of  6  torsional  resonators 
and  coupling  wires  between  adjacent  and  non-adjacont 
resonators  materialising  the  finite  polos. 


The  calculation  of  the  filters  was  based  on  methods 
of  the  electrical  net  -ork  theory  and  some  new  transfor¬ 
mations  13.  The  different  steps  in  filter  design  are 
indicated  in  Figs.  6  and  7.  The  desired  specifications  con 
be  satisfied  by  a  symmetric  approximation.  Therefore  a 
bandpass-  lowpass  transformation  could  be  performed  and 
all  further  calculations  shall  be  limited  to  lowpass 
configurations.  The  approximated  function  con  contain 
finite  polos  or  alipass  parts. 

Beginning  with  a  chain  matrix  A  of  tho  lowpass 
approximation  (Fig.  6),  the  polos  a"t  infinity  ero  removed 
in  a  first  step.  In  the  chosen  example  the  polos  are 
represented  by  tho  capacitor  in  parallel  with  tho  input  ana 
the  coil  in  soi.es  with  the  output.  In  o  second  step  the 
remaining  chain  matrix  A1  can  then  bo  replaced  by  the 
equivalent  ciicuit  consisting  of  a  twoport  with  tho  chain 
matrix  A|_’  which  is  in  parallel-series  connection  with  a 
transformer.  This  equivalence  .&  valid  for  ony  reactance 
twoDOrt  14 > 15.  The  transformer  ratio  u  should  bo 
determined  in  such  a  way  that  the  degree  of  the  denomina¬ 
tor  polynomial  at  tho  chain  matrix  A"  is  reduced  with  o 
factor  2. 


For  the  chain  matrix  AF  the  steps  removing  poles  at 
infinity  end  parallel-series  connection  with  a  transducer 
con  bo  repeated  till  tho  denominator  polynomial  of  tho 
remaining  chain  matrix  roachos  a  constonx  value.  Finally  , 
poles  ot  infinity  should  be  removed.  The  result  Is  a  network 
containing  capacitors,  coils  and  transformers. 


Tho  circuit  is  canonical  in  reactances.  In  o  third  step 
the  transformers  should  bo  replaced  by  coupiors 


—  K 


/  0 


(2) 


which  represents  a  (2n-l)*X/4  transmission  lino  in  a 
normalized  form  as  a  narrow  bund  approximation.  Tho  value 
d  is  tho  damping  of  tne  first  circui*  at  tho  input  and  K  is 
tho  coupling  coefficient  between  two  circuits. 


For  tho  third  step  in  Fig.  6  two  properties  of  the 
coupiors  ero  needed: 


1.  A  chain  connection  of  two  equal  couplers  Is 
equivalent  to  a  transformer. 
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2.  A  coupler  is  a  dual  transforming  network1^ 

The  transformer  in  Fig.  6  can  be  replaced  by  three 
couplers  wherever  the  coupler  at  the  output  is  not 
interesting  for  the  transmission  properties. 

With  further  steps  in  the  described  manner  the 
synthesis  of  the  whole  network  can  be  performed.  Finally, 
the  lowpass  must  be  transformed  into  a  bandpass  which 
represent  a  mechanical  filter  as  a  narrow  bond  approxi¬ 
mation.  All  values,  resonance  frequencies  f.,  dampings  d. 
and  coupling  coefficients  K.^  for  the  filter  ore  now  known.1 
The  special  task  for  the  designer  of  mechanical  filters 
is  now  to  calculate  the  dimensions  of  the  filter  parts. 

The  resonance  frequencies  for  example  determine  the 
length  of  the  torsional  resonators.  The  dampings  of  the 
input  and  output  circuits  should  be  realized  by 
electrical  resistors  which  are  transformed  by  the 
transducers  tuned  to  a  frequency  a  little  below  the 
frequency  of  the  resonators.  The  damping  of  the  internal 
resonators  should  be  very  low  (Fig.  3).  The  coupling 
coefficients  determine  the  ratio  of  the  diameter  of  the 
wires  and  the  resonators.  Figure  7  shows  additional 
possibilities  for  changing  the  coupling  coefficient.  The 
coupling  with  wires  on  the  top  of  the  resonators  is  weak 
and  grows  with  the  distance  from  tho  centre  of  the 
rosonators.  Tho  dashed  wire  shows  a  negative  coupling 
-  for  example  for  an  allpass  circuit.  Coupling  wires  on 
the  circumference  at  the  end  of  tho  rosonators  give  a 
stronger  coupling  which  is  initially  reduced  slowly  with 
a  fixing  point  rioaror  to  tho  middle  of  the  resonators  and 
disappears  in  tho  middle  of  the  resonators  (supporting 
wires). 

Tho  influence  of  tolerancoson  tho  length  of  the 
coupling  wires  between  two  resonators  depends  largely  on 
their  length.  Tho  merit  of  a  coupler  a  quarter  wave  length 
long  is  the  small  influence  on  tho  centre  frequency  and 
no  influence  on  tho  bandwidth.  Shorter  coupling  rods, 
e.g.  for  tho  48  kHz  bending  filter,  cause  very  high 
sensitivity  at  tho  upper  edge  of  tho  bond  (f^. 

Material  Problems 

Tho  temperature  and  time  stability  achieved  with 
mechanical  resonators  (Fig.  3)  is  tho  result  of  an 
intensive  material  research.  Special  NiFo  alloys  with 
small  contents  of  Bo  (Thermelast  5429)  or  Ti  and  Al 
(Thermolast  4002  or  NiSpanC)  can  bo  hardened  by 
annoaling  treatment.  The  important  physical  properties 
of  tho  two  alloys  are  shown  in  Fig.  8  os  a  function  of 
tho  annealing  temperature  T..  Tho  temperature  change 
of  tho  resonator  frequency  2f_  of  such  materials  is 
highly  dependent  on  the  annoaling  temperature  T.. 

lAfl  should  bo  tho  total  frequency  change  in  theA 
tomporaturo  range  from  10°C  to  50°C.  Tho  minimum 
of  |Af  |  coincides  as  a  cultivated  effect  with  a  maximum 
In  resonator  Q.  Unfortunately  the  resonator 

frequency  fT  depends  very  highly  on  tho  annealing 
temperature  T. ,  too.  For  our  special  purpose  tho  alloy 
Thermelast  5429  should  be  profored  duo  to  its  broader 
compensation  range  and  its  lower  dependence  of  the 
annealing  temperature  T^1®. 

Tho  specifications  for  tho  stability  of  transducers  are 
lower  by  more  than  a  factor  10.  For  the  shown  composite 
transducers  which  are  assembled  from  two  metal  pieces 
and  a  ceramic  disk  by  soldering  (Fig.  5)  a  resonanco 
frequency  of  200,8  kHz,  a  capacitance  of  200  pF,  a 
coupling  coefficient  of  21  %,  a  Q  of  2000,  a 
tomperature  change  of  100  Hz  in  tho  tomporaturo  range 
10°C  to  50°C,  and  an  aging  rate  loss  than  30  Hz/decado 
has  been  measurod. 


The  coupling  wires  are  grid  wires  made  of  a 
NiFeMo  alloy,  which  has  a  tolerance  in  diameter  of  0,5/j 
in  a  batch . 

Production  Technique 

The  production  process  of  the  filters  can  be  divided 
in  three  main  parts. 

1.  Manufacturing  and  tuning  of  single  resonators  and 
transducers. 

2.  Point  welding  of  the  filter  structure. 

3.  Fitting  into  a  case. 

Starting  point  are  drawn  rods,  from  which  the  resonators 
and  parts  of  the  transducers  are  manufactured.  The 
tolerances  of  the  dimensions  correspond  to  normal 
grinding  processes  (lOyu).  As  a  consequence  the 
spreading  of  the  frequency  of  untuned  resonators  and 
transducers  is  in  tho  order  of  +_  3  %o  (effect  of  the  length 
♦,  1,5  ’fa  and  effect  of  spreading  in  the  velocity  +_  1 , 5  %o).  , 
Tho  tuning  process  must  reduce  this  spreading  to  +  2  .  10"5 
for  tho  resonators  and  ^  2  .  10*4  for  the  transducers.  There 
is  only  one  tuning  frequency  for  the  resonators  and  one 
more  for  the  transducers.  Tuning  is  effected  by  grinding 
tho  top  of  the  torsional  rosonators  near  tho  edge  of  the 
resonator  and  in  tho  length  of  the  transducer.  This  process 
is  performed  automatically  in  a  special  tuning  machine. 

For  assembling,  tho  resonators,  transducer  and 
wires  aro  aligned  In  a  precise  gauge  and  then  point  welded 
automatico'ly  with  controlled  welding  power.  After  this 
process  tho  filter  con  bo  measured  and  needs  no  adjustment. 

Besides  the  tuning  of  the  resonators,  tho  point 
welding  process  has  tho  greatest  influence  on  tho  trans¬ 
mission  characteristic.  Calculations  with  .o  filter  model 
(Monte  Carlo  method  with  5000  filters),  show  that  for  tho 
internal  resonators  and  A  /4  couplers  tolerances  smaller 
than  20  Hz  or  1  %  respectively  must  be  obtained.  Tho 
transducers  and  tho  3*A  /4,  5-A/4  and  7-A/4  couplers  aro 
loss  sensitive  with  a  factor  between  2  and  20.  Tho  detuning 
of  resonators  by  point  wolding  is  small  enough.  The 
occuracy  for  tho  spacings  of  rosonators,  tho  positions  of 
the  wires  and  tho  wolding  points  con  then  bo  determined 
by  reference  to  Fig.  7. 

Fitting  into  tho  coso  is  normal  mounting  work  without 
spocial  difficulties. 

Prototypes  of  the  filters  are  shown  in  Fig.  9.  The 
coupliriy  wires  are  not  quite  straight  (an  offect  of  the 
welding  notch  )  but  there  is  no  disturbing  mfluonco  on  the 
transmission  properties  of  the  filters17. 

Our  experience  with  SSB  filters  shows  that  channel 
and  signalling  filters  of  tno  described  typo  could  bo 
produced  also  for  a  specification  of  1/20  CCITT  with  few 
rejects. 
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FIGURE  1:  Multiplex  Plan  and  Channel  Unit  for  a  Premodulation  System 

with  Mechanical  Filters. 


FIGURE  2:  Filter  Chore, ctoristics  of  a  Polynomial  Filter  and  a  Filter  with 

3  Pairs  of  Finite  Poles. 

Normalized  Quality  Factor  q  os  a  Parameter  (Tolerance  1/10  CCITT). 
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FILTER 

Type 

fo 

kHz 

Q 

10 3 

TK(f) 

I0'*/°C 

df/f 

10'* 

LC 

24 

>2 

(0,2-0, 5) 

<8 

(10-50) 

<200 

(200-500) 

BENDING 

48 

>4 

(6-15) 

<4 

(0,5-2) 

<100 

(30-100) 

TORSION 

200 

>15 

(15-30) 

<1 

(0,5-1) 

<25 

(10-30) 

MONOLITHIC 

8140 

>600 

(100-200) 

<0,025 

(0,02-0,1) 

<0,5 

(0,5-10) 

FIGURE  3:  Quality  Factor,  Temperature  Coefficient  and  Aging  of  Rosononce  Circuits 

needed  for  Channel  Filters  at  different  Promodulation  Frequencies. 
Reached  Values  in  Brackets. 


11  10  6*  6  h-A  8  4 
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ELECTROMECHANICAL  FILTER 


A-A 


FIGURE  4:  Mechanical  Filter  with  Bending  Vibrators. 
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FIGURE  5: 


Mechanical  Signalling  and  Channel  Filter  with  Torsional  Resonators. 


FIGURE  6:  Conception  of  Filter  Synthesis  for  Channel  Filters  with  Finite  Poles 
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FIGURE  7:  Calculation  of  Coupling  Coefficients  for  Torsional  and  Longitudinal 

Resonators. 


FIGURE  3:  Physical  Constants  of  NiFe  Alloys  for  Torsionol  Resonators  In 

Dependence  of  the  Annealing  Temperature  T^. 
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FIGURE  9: 


Photograph  of  a  Signalling  and  a  Channel  Filter, 
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MONOLITHIC  QUARTZ  FILTERS 
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Sartrouvilla,  78  -  FRANCE 


Summary 

Tho  purpose  of  this  lecture  is  to  show  the 
evolution,  in  Frtnoe,  of  the  conception  of  a  mo¬ 
dern  quartz  filter. 

The  main  technical  principles  are  considered 
to  he  well  known  and  the  aim  of  this  paper  is  the 
discussion  of  the  results  and  the  comparison  of 
various  prooedures,  which  will  lead  to  new  tech¬ 
nics. 

Introduction 

Up  to  nineteen  sixty,  the  concepts  of  quartz 
filters  was  conventional  and  all  the  dovioos  had 
an  handicraft  oharaoter.  The  increasing  complexity 
of  the  specifications  of  telecommunications  and 
the  wide-cpread  use  of  integrated  circuits  led  to 
an  important  transformation  and  led  the  manufactu¬ 
rers  to  look  for  new  solutions,  corresponding  to 
modern  devices.  Fia'oility  and  miniaturization, 
which  are  the  main  desired  caraoteri sties  of  mo¬ 
dern  eleotronio  equipment,  are  brought  together 
in  monolithio  designs. 

Monolithic  or  semi-monolithio  filters  come 
from  the  sane  synthesis  philosophy,  and  the  dif¬ 
ferences  in  the  definition  or  in  the  features, 
must  hido  the  real  analogy  that  binds  the  two 
technics.  Finally,  the  analysis  of  the  experimen¬ 
tal  results  will  allow  us  to  bring  oat  the  analogy 
existing  botween  the  two  designs,  evon  though  fu¬ 
ture  devices  nay  lead  to  diverging  developments. 

Definitions 

At  the  moment,  three  kind3  of  quartz  filtors 
exist  : 

-  tho  conventional  quartz  crystal  filter  ) 

-  tho  semi-monolithic  quartz  crystal  filter  ; 

-  tho  monolithio  quartz  filter. 

The  conventional  quartz  crystal  filtors,  which 
aro  constituted  by  discrete  components,  will  conti¬ 
nue  to  oxist  in  ladder  structures  or  by  employing 
the  so-oallod  Jauman  configuration. 

In  principle,  thoro  is  only  one  definition 
for  a  monolithio  filter  1  that  is  to  say  a  design 
which  roalizos  the  total  integration  of  all  of  tho 
components  on  the  same  crystal  plate.  The  addition 
of  a  dlsorete  component  or  the  soporatlon  of  the 
substrate  in  several  parts,  introduces  an  hybrid 


feature,  which  is  at  variance  with  the  monolithic 
idea.  But  it  is  obvJ.ous  that  there  are  several 
degrees  in  tho  integration  of  tho  components  of  a 
network  and,  even  if  the  definition  is  not  exaotly 
respected,  a  monolithio  style  subsists. 

From  this,  one  has  following  definitions  i 

-  The  somi-monolithio  filter  is  tho  result 
of  a  chained  combination  of  olemontary  monolithic 
filtors  with,  or  without,  tho  introduction  of 
linking  oapaoitors  and  coils. 

-  The  monolithic  filter  iu  the  rosult  of  the 
oomplete  integration  of  a  notwork  on  the  same 
substrate. 

In  the  two  devices,  ono  nay  foresee,  inside 
or  outside,  two  coils  or  two  transformers,  which 
neutralize  the  3tray  capacitances  at  tho  input3 
of  the  filter.  These  components  do  not  belong 
to  notwork  and  aro  ."inly  used  to  improvo  tho  mat¬ 
ching  of  tho  filter  by  tho  U3er. 


Soni-monolithic  filters 

Thoy  are  dosigned  by  tho  oascadlng  of  n  two- 
polo  resonators.  The  degree  of  tho  filtor  is 
oven  and  may  attain  ton  polos.  Tho  field  of  ap¬ 
plication  covers  tho  range  2  to  250  IIHz,  with, 
for  tho  AT  cut  i 

-  from  2  to  36  ;'Jiz  in  the  fondamontal  mode  ; 

-  "  10  to  106  MHz  in  tho  3rd.  ovortono  j 

-  "  10  to  iBOUIIz  in  tho  5th.  ovortono  ; 

-  "  16  to  250M!ta  in  tho  7th.  ovortono. 

The  admissible  bnndwiths  remain  less  than 

-  3,5*  10~1  of  F0  for  tho  fondamontal  mode 

3.  10"'f  of  ?0  for  tho  3rd.  ovortono  ? 

-  1.  10~2  of  Fc  for  tho  5th.  overtone  ; 

-  5.  10"5  of  Fc  for  the  7th.  overtone. 

The  computer  program 

A  program  for  calculations,  giving  tho  syn¬ 
thesis  and  analysis  of  polynomial  filters,  taking 
loss  into  aocount,  is  represented  in  tho  synoptic 
table  in  figure  n°  1 .  Starting  from  the  systom 
opooifiontiono,  ono  looks  for  a  known  mathemati¬ 
cal  function  which  approximates  as  olosoly  os 
possible  tho  desired  rooponoe.  Tho  trunsfert 
function  for  a  polynomial  filter  is  dosoribod  by  i 
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1 *  ♦  tfjwjfr  —2 - 

1  4+F(<^) 

Vhere  m  is  a  constant. 

p 

The  polynomial  function  f  (to  )  may  be  chosen 
in  the  bibliography,  from  : 

-  Butterworth  i  f  (W?)  <=  l*}**1 

-  Chebyshev  :  f  (coZ)  ■  i*cJM 

One  may  also  include  Bessel,  Gauss,  Legendre, 
Rakovitch,  etc...  The  synthesis  procedure  which 
consists  of  Earlington's  insertion  loss  method,  is 
represented  in  figure  n°  2.  For  a  purely  roaotive 
network  one  has  : 

irwNtwr*  * 

Vhore  p  is  the  reflexion  coefficient. 

1°)  Input  parameters  :  the  data  at  the  input 
are  as  follows  : 

.  Filter  :  polynomial  type 

.  Humber  of  poles  i  n  . 

.  Hippie  (if  nocessary)  s  A 

.  F„  -  Center  frequency 

.  B.W  -  Bandwith 

.  L  -  inductance  of  the  resonators. 

2°)  Calculations  !  the  polynomial  function, 
which  characterizes  the  transmission  funotion, 
is  established.  The  loss  muy  bo  introduced  in  two 
different  manners  i 

-  shifting  the  poles  am  generating  a  trans¬ 
mission  funotion  with  loss  ! 

-  taking  loss  into  account  during  the  analy¬ 
sis  of  the  band-pass  filter  and  its  optimisation. 

From  a  low-pass  normalized  filter,  the  ap¬ 
plication  of  the  Smythe  (l)  transformation  to  the 
network,  leads  to  a  chain  of  lattices  containing 
ono  quartz  per  arm  |  those  lattices  are  ooupled 
togothor  by  means  of  capacitive  or  inductive  lat¬ 
tices. 

The  existence  of  this  oapacitor  lattice  is 
not  desirable.  Vhen  there  are  no  problems  for  the 
phase  linearity  and  the  filter  may  be  considered 
as  a  narrow  band-pass  filter,  the  oapaoitive  lat¬ 
tice  may  be  reduced  to  a  single  oapaoitor. 

An  optimisation  subroutine  coupled  to  an 
analysis  programme  allows  one  to  modify  tho  net¬ 
work  parameters  until  the  dosirod  response  shape 
le  obtained. 

Then,  to  each  quartz  lattice  seotion,  cor¬ 
responds  a  two-pole  monolithio  filter.  Then, 
another  subroutine  computes  the  masks,  taking 
into  aooount  the  reversibility  principle. 

3°)  Reversibility  principle  i  The  funotion 
of  a  two-pole  resonator  is  represented  by  (2) 

F0.  SW .o{  (d+zr 


with  the  notations  of  figure  n°  3. 

The  constants*^  and  C(  are  partly  linked 
to  the  geometry  of  the  electrodes.  The  varia¬ 
bles  are  i  the  plate  back  and  the  dimensions 
of  the  electrodes. 

A  physical  prinoiple  tells  us  that  for  each 
frequency,  there  is  an  optimum  relation  bet¬ 
ween  the  mask  dimensions  and  the  plateback, 
leading  to  a  minimum  for  the  level  of  unwanted 
modes. 

Therefore,  for  oaoh  filter  problem,  only 
ono  mask  is  possible.  In  fact,  a3  soon  as  tho 
ooinoidence  of  spurious  responses  is  avoided, 
the  use  of  a  mask  may  bo  generalised,  when  the 
stopband  attenuation  meets  the  specifications. 
Under  these  conditions,  an  optimized  mask  given 
for  a  spooial  problem,  may  bo  usod  for  various 
filters,  in  a  wide  range  of  frequency. 

Tho  reversibility  prinoiple  is  3uch  that 
the  synthesis  of  a  filter  gives  a  musk,  and 
this  mask  may  be  usod  in  other  applications, 
by  modifying  tho  mass  loading  or  tho  orienta¬ 
tion  of  tho  substrate. 

4°)  Hon-colncidonoe  of  spurious  responses 
A  two-pole  monolithic  Bection  is,  by  definition 
a  multiple-bandpass  filter.  As  in  tho  case  of 
tho  classical  spurious  responses,  an  unwanted 
bandpass  exists.  Tho  level  of  spurious  respon¬ 
ses  may  be  betweon  6  and  50  db.  for  a  section. 

The  casoadim;  of  two  identical  sections 
may  give  a  upeotrum  of  unwanted  frequencies 
botwoon  12  and  100  db.  But,  if  we  realize  two 
sections  from  tho  same  mask  with  differences 
in  tho  mass  loading  or  in  tho  orientation  of 
tho  substrato,  thore  will  not  be  coincidence 
for  spurious  rosponnoo.  Tho  ensoading  of  those 
two  sections  will  give  an  improved  stopband 
attenuation,  that  can  reaoh  100  db.,  oven  from 
rosonators  individually  showing  valuoa  of  about 
15  db. 

Tho  reversibility  principle  for  the  masks, 
ir.  addition  to  tho  precautions  taken  to  avoid 
ooinoidonce  of  spurious  rosponsoo,  is  ono  of 
the  industrial  advantages  of  this  dovioe.  Vo 
al30  see  that  the  stopband  attonuation  of  a 
semi-monolithic  filter,  onn  easily  reach  100  db 
and  that  tho  suppression  of  spurious  responses 
is  not  a  difficult  problom. 

5°)  Output  of  tho  program  i  with  all  the 
parameters  for  tho  toohnioal  realization,  the 
output  of  tho  program  gives  tho  amplitude  res¬ 
ponse,  tho  phase  response  and  tho  rofleotive 
attenuation.  15) 

Results 

Figuro  n°  4  ropresontn  a  typical  realiza¬ 
tion  of  a  serai-monoiithio  filter,  for  25  kHz 
ohnnnels.Thia  now  oonstruotion  has  definitively 
surpassed  tho  traditional  devicos.  In  general, 
we  may  say  that  all  tho  filtors  which  equipped 
AM  or  ?M  or  data  transmission  roooivers,  for 
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50,  25,  20  or  12,5  kHz  channels,  are  now  manufac¬ 
tured  with  semi-monolithio  filters,  in  the  range 
of  frequencies  between  10  and  30  MHz. 

Figure  n°  5  shows  the  oharacteristios  for  a 
filter  with  10  poles  for  a  single  sideband  recei¬ 
ver.  This  is  an  application,  in  3rd.  overtone, 
whioh  is  now  developed. 

A  175  MHz  filter  is  represented  in  figure 
n°  6.  It  is  the  result  of  studios  begun  in  1970, 
to  obxain  quartz  filters  between  100  MHz  and 
200  MHz,  where  the  design  of  classical  differen¬ 
tial  transformers  is  particularly  difficult. 

Discussion 

The  advantages  of  semi-monolithic  filters 
clearly  appear,  as  soon  as  wo  compare  them  to 
olassioal  networks.  The  semi-monolithio  concep¬ 
tion  is  characterized  by  i 

1°)  the  suppression  of  the  differential 
transformers  ) 

2°)  the  integration  of  (at  least)  2  poles 
on  the  same  crystal  plate. 

.  Miniaturization  -  the  volume  obtained  is 
throe  times  smaller  than  for  a  conventional  de¬ 
vice. 

,  Fiability  -  the  f lability  is  assured  by 
tbo  reduction  of  discrete  components,  under  the 
clim&tical  and  mechanical  environment. 

.  Electrical  oharacterlstics  -  the  suppres¬ 
sion  of  differential  transformers  gives  bettor 
stability  to  tho  output  versus  temperature,  and 
for  the  same  reason,  a  high  stop-band  attenua¬ 
tion  (around  100  d3 . ) . 
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To  sum  up,  we  may  say  that  this  modern 
conception  of  quartz  filters,  has  enough  tech¬ 
nical  advantages  to  surpass  the  traditional 
dosign.  Tho  devise  is  characterized  by  oase  of 
application  : 

.  by  the  use  of  conventional  equipment  ; 

.  by  the  use  in  a  wide  range  of  frequency  ; 

.  by  the  reversibility  of  tho  masks,  whioh 
is  the  main  problem  for  tho  manufacturer. 

Monollthio  filters 

They  are  obtained  by  the  integration  of  n 
poles  on  the  same  substrate,  excluding  any  other 
component.  The  number  n  may  bo  increased  to 
4  and  8,  without  theoretical  limitations,  but 
technological  problems  may  still  oxist. 

The  computer  program 

A  synoptio  table  in  figure  n°  7  shows  tho 
synthesis  of  monolithic  filters.  The  mathemati¬ 
cal  principles  are  identical  to  those  used  for 
tho  synthesis  of  somi-monolithic  filtero,  but 
the  program  is  slightly  different  and  tho  cal¬ 


culations  do  not  take  loss  into  account. 

1°)  Input  parameters  :  they  include  : 

.  the  transmission  function  j 
.  the  center  froquenoy  j 
.  the  bandwith  ; 

.  tho  ripple  (if  nocescary)  } 

.  tho  dimensions  of  the  eleotrodos  ) 

.  the  resonating  frequency  of  tho  substrate. 

2°)  Calculations  :  the  transmission  function 
gives  a  low  pass  filtor.  Then,  the  coupling  coef¬ 
ficients  kij  are  found  and  allow  the  calculation 
of  the  distances  dij  between  the  electrodes.  The 
mask  is  obtained  and  we  have  all  the  elements  to 
realize  the  filtor. 

On  tho  other  hand,  the  low  pass  filter  is 
transformed  into  a  passband  filter,  as  shown  on 
figure  n°  4.  He  must  notioe  that  the  three  dia¬ 
grams  are  equivalent,  even  if  the  section  with 
several  quartz  per  arm,  is  tho  only  one  which 
represents  the  physioal  phenomenon. 

Consequently,  any  of  these  diagrams  may  be 
analysed  and  the  results  compared,  taking  into 
aooount  the  requirements  and  tho  precision  of 
the  critical  frequencies  of  the  devioo.  If  it  is 
neoessary  to  introduce  loss,  the  results  of  tho 
analysis  is  fed  to  the  input  of  tho  synthesis, 
to  oompute  all  tho  parameters  of  tho  mask. 

Inversely,  a  mask  which  gives  wrong  results, 
may  be  studied  in  it3  dosign,  to  computo  a  new 
filtor,  using  the  plato  back  nB  a  variable.  Again, 
we  find  some  foatures  of  tho  reversibility  prin¬ 
ciple  that  we  discussed  for  somi-monolithic  fil¬ 
ters.  The  function  giving  tho  distancos  is  repre¬ 
sented  by  (4)  : 

F0.6W.y.KLj(dLJ+ir4^)l.e  tJ=0 

whoreX,d,b  nro  rolitol  to  tho  orientation,  the 
goometry  and  tho  numbor  of  elootrodoa. 

Exporimental  rv  ult3  :  tho  characteristics 
of  u  4-Polo  monolithic  filter  and  of  a  sot  of 
2x4  polos  at  8,5  .fit  aro  dosoribod  in  figuro 
n°  7.  Figure  n°  8  roprouonts  an  8-Polo  filter, 
at  10,7  MHz. 

Elootrical  oharactoristics  : 

Tho  low  inserti  n  loos  allows  tho  calcula¬ 
tions  to  bo  carried  out  for  a  filtor  without 
loss,  oven  for  narrow  pass  bands.  Tho  ripple, 
whioh  inoroa3os  with  tho  number  of  polos,  roraain3 
nogligi'ole.  Tho  3<)loctivity  fits  tho  specifica¬ 
tion  transfort  function  and  tho  numbor  of  poles. 
Tho  stopband  attonuation  is  limited  by  the  spu¬ 
rious  levol,  whioh  is  duo  to  tho  shapo  of  tho 
oloctrodo3  or  to  tho  rofloxiono  at  tho  onds  of 
tho  orystal  plato.  In  spite  of  foroooon  tech¬ 
nical  improvements,  tbo  unwanted  modoo  often 
reaoh  tho  level  of  50  db.  (indopondont  of  tho 
numbor  of  polos).  This  is  n  weakness  of  tho 
dosign,  hut  it  is  not  a  handioap  for  its  deve¬ 
lopment. 
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Sometimes,  etching  requires  auto-traneformors, 
situated  outaida  of  the  filters,  to  fit  the  cha¬ 
racteristics  asked  by  the  user.  Ve  must  notice 
that,  as  oppossd  the  case  of  sexi-monolithic  fil¬ 
ters,  they  can  give  a  larger  band  to  the  filter. 

lilscusolon 

All  the  considerations  conoorning  the  reduc¬ 
tion  of  the  components  and  its  consequences  of 
miniaturization,  fiability  3nd  stability,  ara 
similar  to  those  studied  in  the  case  of  semi- 
monolithic  filters.  The  results  are  notiooable 
for  the  bandwith  and  the  insertion  loss.  The 
stopband  attenuation  is  limited  and  the  increase 
of  tho  number  of  poles  has  no  roaotion  on  the 
level  of  spurious  rooponses.  But,  an  for  the 
semi-monolithic  filter,  the  oaocading  of  two 
monolithic  networks  with  four  poles,  may  give 
a  3topband  attenuation  larger  than  100  db. 

Finally,  the  main  problem  Is  the  difficult 
design  of  the  crystal  plate,  duo  to  its  largo 
dimensions.  Booause  of  its  nechanic.il  weakness, 
the  application  is  roduoed  to  a  bandwith  tnat 
wo  may  consider  from  6  to  13  KHz  in  tho  fonda- 
montal  modo. 

Conclusion 

Tho  comparison  of  tho  two  dooigne  that  we 
analysed  is  possible  for  the  same  frequenoy, 
for  example  10  MHz,  and  it  is  obviou3  tnat  the 
semi-ncnolithio  filter  io  more  efficient  when 
it  is  used  in  a  wido  range  of  frequenoy  and 
its  stopband  attenuation  reaches  100  db.,  which 
gives  a  good  protection  from  jamming.  Tho  manu¬ 
facture  of  3omi-monolithic  filters,  whioh  is 
not  very  different  from  the  clissloal  filters, 
seems  to  bo  easier.  The  two  designs  aro  similar 
conoorning  miniaturization. 

?,  o  fiability  should  se  •-eater  f">r  a  mono¬ 
lithic  filter,  but  oxporiments  may  invalidate 
this  theoretical  principle.  Tho  low  insertion 
loes  and  tho  smaller  ripple  arr  unquestionable 
advantages,  compared  to  the  results  obtained 
from  tho  eomi-monollthlo  filtors  whioh  havo 
thsir  own  superiority  over  tho  classical  net¬ 
works.  The  design  of  monolithic  filters  roquiros 
a  new  toohnology  and  tho  manufacture  nooossi- 
tatoa  an  important  investment.  Ii.  any  case,  wo 
boliove  that  tho  design  must  bo  studied  in  all 
its  dotails,  booause,  ovon  if  the  3omi-monoli- 
thio  filters,  with  their  ease  of  application, 
seem  to  fit  all  the  specifications  of  modern 
telecommunications,  monollthio  filters,  taking 
into  aocoun*  teohnioal  and  economic  considera¬ 
tions,  aro  a  solution  for  single  sideband  fil¬ 
ters,  for  oxample,  or  whon  tho  contract  calls 
for  50*000  sets  with  the  same  specifications. 

The  difference  between  tno  two  dooigne 
ie  not  very  important  as  soon  as  wo  connidor 
that  they  come  from  the  same  synthesis.  The 
integration  of  a  network  shows  the  teohnioal 
lovol  of  the  manufacturer.  Tho  production, 
starting  from  somi-monolithio  filters,  lealing 
to  the  design  of  pure  monolithic  filters,  will 


result  in  bettor  quality  in  the  dovioos  and  the 
leadership. 
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MONOLITHIC  CRYSTAL  FILTER3 
TOR  FREQUENCY  DIVISION  MULTIPLEX 

by 

P.  Lloyd 
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Allentown,  Pennsylvania 


Abstract 

The  purpose  of  this  paper  la  to  review  recent 
development  work  on  monolithic  crystal  filters  for  a  new 
frequency  division  multiplex  terminal  (A6  Channel  Bank) 
to  be  used  for  long  haul  transmission.  From  a  Bystems 
standpoint,  the  new  channel  bank  will  duplicate  the 
performance  of  the  existing  A5  channel  bank  but  offers 
considerable  oavings  in  both  size  and  cost. 

While  MIF's  ore  already  used  in  a  number  of  appli¬ 
cations,  the  stringent  requirements  and  complexity  of 
the  channel  bank  filter  required  the  development  of  a 
new  technology  suitable  for  high  volume  production  and 
low  cost. 

Recently,  Bell  Laboratories  established  a  Process 
Capability  Line  for  monolithic  crystal  filters  at  the 
Western  Electric  Plant  in  North  Andover,  Mass.  The 
objectives  of  this  line  were  to  transfer  this  technology 
to  the  Western  Electric  Company  and  to  develop  facili¬ 
ties  suitable  for  the  evaluation  of  processes  prior  to 
manufacture.  A  description  of  phene  ,-acilities  and  pro¬ 
cesses  will  be  given  and  their  design  related  to  the  per¬ 
formance  objectives  of  the  filter.  Statistical  results  on 
the  performance  of  devices  fabricated  will  be  related  to 
fundamental  studies. 

Introduction 

The  largest  single  application  of  crystal  filters 
in  the  Bell  System  Is  in  voice  channel  filters  for  fre¬ 
quency  division  multiplex.  Twelve  voice  channels  are 
assembled  or  disassembled  in  an  internationally  agreed 
group  between  60  and  108  kHz.  The  current  filter  con¬ 
tains  four  length  extenslonal  mode  quartz  resonators 
coupled  by  inductors,  capacitors  and  resistors.  A  total 
of  1(0  different  resonator  designs  are  uned  in  a  complete 
A5  channel  bank. 

Towards  the  end  of  1967,  Bell  Laboratories  began 
the  development  of  new  channel  bank  (A6)  using  monolithic 
Channel  filters  operating  in  the  8  MHz  range..  Fig.  1 
shows  the  in-band  requirements  for  these  filters  and  the 
theoretical  attenuation  characteristic  of  an  8  pole, 

.1  dB  ripple  Chebyshev  filter  designed  to  meet  these  in- 
band  requlremontn  and  also  to  provide  sufficient  attenu¬ 
ation  in  the  skirt,  regions  of  filter  to  meet  inter- 
channel  crosstalk  suppression  requirements.  The  in-band 
requirements  shown  in  this  figure  in  no  way  represent 
what  is  possible  in  terms  of  performance  with  monolithic 
crystal  filters.  Compatibility  with  existing  plant  of 
over  one  million  two-way  circuits  requires  that  the  in- 
band  requirements  remain  essentially  the  same  as  in 
earlier  channel  filter  designs. 

Considerable  cost  savings  are  possible  with  a 
monolithic  channel  filter  at  8  MHz;  since  only  one  basic 
design  is  involved  full  advantage  con  be  taken  of  high 
volume  production  techniques  similar  to  those  widely 
used  for  other  planar  devices.  However,  in  order  to 


realize  these  advantages  an  increase  in  precision  of  two 
orders  of  magnitude  must  be  made  over  the  existing  fil¬ 
ter.  For  example,  the  requirements  at  the  low  end  of 
the  band  call  for  a  i  25  Hz  absolute  tolerance,  or  1  3 
parts  in  1<T  at  80  kHz  and  1  3  ppm  at  8  MHz. 

A6  Channel  Filter  -  Introduction  of  a  New  Technology 

Fig.  2  shows  the  A6  channel  filter  in  its  current 
form.  The  device  consists  of  an  AT-cut  quartz  plate 
with  eight  pairs  of  electrodes.  Small  metallic  stripes 
are  deposited  between  the  electrodes,  on  the  top  surface 
of  the  plate,  to  provide  for  coupling  adjustment.  The 
plate  is  suspended  from  a  rectangular  annular  ceramic 
mount  by  thermocompression-bonded  leads.  The  mount  pro¬ 
vides  access  to  all  eight  resonators  for  measurements 
during  processing.  The  plate  is  cut  in  two  after 
mounting  and  in  the  final  assembly  of  the  filter  the  two 
sections  of  the  plate  are  coupled  with  a  mica  capacitor. 

£  *7 

Byrne  and  Miller  described  the  design  of  this 
device  and  the  development  of  associated  processing 
techniques  at  last  years'  Frequency  Control  Symposium. 

At  that  time  a  number  or  laboratory  models  of  the  filter 
had  been  constructed  and  evaluated  In  an  experimental 
channel  bank.  Somewhat  earlier,  namely  in  the  latter 
part  of  1968,  it  became  evident  that  the  techniques 
needed  for  the  fabrication  of  the  device  were  such  a 
departure  from  existing  quartz  crystal  technblogy  that 
this  new  technology  could  best  be  transferred  to  the 
Western  Electric  Company  (Manufacturing  Unit  of  the  Bell 
System)  by  the  establishment  of  a  Process  Capability  Line 
(PCL),  a  concept  used  successfully  in  the  introduction  of 
integrated  circuit  technology.  While,  technical  direction 
of  the  PCL  was  through  Bell  Laboratories  it  was ,  never¬ 
theless,  a  co-operative  venture  with  the  Western  Electric 
Company,  being  staffed  by  teams  consisting  of  both 
Western  and  Bell  Labs  engineers.  The  PCL  for  the  A6 
channel  filter  was  designed  and  Installed  at  the  Western 
Electric  Plant  in  N.  Andover,  Mass,  during  the  last  two 
years.  During  this  period  channel  filter  development  has 
been  principally  in  the  area  of  fabrication  techniques 
and  associated  facilities  for  this  PCL. 

MCF  Fabrication  in  the  PCL 

Fig.  3  is  a  block  diagram  of  the  filter  fabrication 
steps.  With  the  exception  of  the  quartz  growing  facility 
all  of  the  steps  shown  are  located  within  the  PCL.  The 
PCL  facilities  were  designed  with  a  through-put  of  60/hr. 
as  on  initial  objective  but  no  attempt  vas  made  to 
balance  the  line  by  duplication  of  facilities  where  this 
objective  was  unreasonable.  The  operations  for  cutting, 
lapping,  grinding  and  etching  the  plates  involve  commer¬ 
cially  available,  machines  and  with  exception  of  seme 
automation  for  the  sorting  the  plates,  the  process  is 
essentially  as  described  by  Miller,  so  in  the  remainder 
of  this  paper  a  description  will  be  given  of  the  major 
facilities  used  for  the  deposition  of  the  electrode  array 
and  the  adjustment  of  the  filter.  These  facilities  have 
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required  considerable  effort  and  have  been  designed  and 
built  from  the  ground  up. 

Initial  Metallization 

Fig.  h  summarizes  the  initial  metallization  oper¬ 
ation.  A  6000A  film  of  Ti-Pd-Au  is  deposited  on  ti.e 
major  surfaces  of  the  quartz  plate.  The  Ti-Pd-Au  metal 
system  vas  selected  because  of  its  proven  use  in  the 
thermo-compression  bonding  of  ceramic  substrates  in  the 
integrated  circuit  field.  Evaporation  is  from  multi¬ 
hearth  electron  gun  sources.  Plateback  and  evaporation 
rate  is  monitored  by  quartz  crystal  monitors.  Uniform¬ 
ity  of  deposition  is  achieved  by  careful  geometrical 
design  and  rotating  substrate  holders.  The  facility 
operates  under  closed  loop  control.  Random  variations 
in  resonator  frequencies  including  random  variations  in 
plate  thickness  and  mask  geometry  are  5  kHz  or  a  It  con¬ 
trol  of  the  plate  back.  Due  to  a  systematic  roll  off  at 
the  edges  of  the  quartz  plate,  the  resonators  have  a 
systematic  variation  along  the  plate  of  about  5  kHz. 

Frequency  Adjustment 

Fig.  5  illustrates  the  frequency  adjustment  facil¬ 
ity  where  these  systematic  and  random  errors,  existing 
after  initial  metallization,  are  reduced  to  about  12  Hz 
by  further  deposition  of  Au.  Eight  filters  ( 6U  resona¬ 
tors)  are  loaded  at  a  time  into  the  machine,  which  is 
completely  automatic.  The  diagram  illustrates  the 
adjustment  of  resonator  No.  5.  When  t.hls  adjustment  is 
complete  a  shutter  is  closed  and  the  machine  control 
system  causes  the  device  to  be  moved  until  resonator 
number  6  is  over  the  plating  aperture.  This  process 
continues  until  all  resonators  have  been  adjusted.  Now 
that  all  resonators  on  the  plate  are  at  approximately 
the  same  frequency  the  inter-resonator  coupling  can  be 
adjusted. 

Laser  Trimming 

Fig.  6  shows  a  block  diagram  of  the  laser  trim¬ 
ming  facility.  Coupling  is  adjusted  by  nachinipg  the 
small  stripes  deposited  between  the  electrodes. ^  The 
device  is  held  on  an  X-Y  positioning  table  and  moved 
under  the  laser  beam.  The  electrical  measurements,  the 
pulsing  of  the  laser  and  positioning  of  the  crystal  are 
co-ordinated  by  a  tape-programmed  controller.  Apart 
from  loading  and  unloading,  the  raachln**  is  completely 
automatic.  Following  coupling  adjustment,  one  more 
adjustment  of  the  resonators  must  be  made.  This  adjust¬ 
ment  can  be  performed  by  either  the  frequency  plater  or 
alternatively  by  the  laser  facility  in  which  caBe  small 
holes  are  vaporized  in  the  electrode  areas. 

Final  Adjustment  and  Sealing 

The  most  critical  requirement  on  the  channel  fil¬ 
ter  is  that  the  lover  3  dB  point  must  bo  held  to  a  fre¬ 
quency  accuracy  of  ±  3  ppm  for  all  causes  including 
aging  and  temperature  variations.  For  this  reason  one 
last  adjustment  of  the  filter  is  saved  until  the  device 
is  mounted  on  a  header.  Fig.  7  illustrates  the  ma¬ 
chine  designed  for  both  the  final  adjustment  of  the  fil¬ 
ter  and  the  cold  welding  of  the  cover  to  the  header. 

The  device  is  loaded  into  the  upper  half  of  a  die  which 
is  then  lowered  onto  ft  transfer  table.  The  device  is 
then  positioned  over  a  masked  evaporation  source  and  is 
adjusted  (typically  50  Hz).  At  the  next  table  position 
the  upper  and  lower  die  halves  arrive  together  for  the 
cold  welding  operation.  The  sealed  device  is  then  re¬ 
turned  to  the  loading  position,  removed  and  another  de¬ 
vice  inserted. 

Testing  and  Data  Analysis 

With  the  device  sow  complete,  testing  of  the  fil¬ 
ter  characteristics  against  requirements  is  performed 


with  the  computer  controlled  transmission  measuring  set 
shown  in  Fig.  8.  While  the  hardware  shown  here  is  rela¬ 
tively  simple,  considerable  sophistication  in  testing  is 
possible  with  program  control.  In  fact,  this  facility 
has  been  the  prime  source  of  data  for  the  evaluation  and 
control  of  the  process  since  it  is  capable  of  making 
very  accurate  measurements  of  equivalent  circuit  parame¬ 
ters  of  devices  in-process  as  well  as  the  measurement  of 
filter  characteristics.  Data  collected  from  this  facil¬ 
ity  and  other  information  such  as  orientation  angles, 
plate  uniformity  etc.  has  been  logged  into  a  time 
sharing  computer  for  correlation  studies.  Fig.  9  shows 
seme  results  for  31*<  filters  fabricated  by  mld-1970. 

As  can  be  seen,  some  systematic  errors  from  the  theoret¬ 
ical  curve  existed  at  that  time  -  these  errors  have 
since  been  corrected.  Fig.  10  3hows  a  plot  of  the  stand¬ 
ard  deviation  expected  from  the  theoretical  filter 
characteristic  assuming  perfect  adjustment  of  3  dB  point. 
Values  for  the  variances  in  frequency  adjustment,  cou¬ 
pling  adjustment  and  device  Q,  typical  for  mid-70,  were 
used.  The  standard  deviation  of  the  31*<  units  of  Fig.  9 
is  compared  with  these  theoretical  results.  The  error 
in  3  dB  point  adjustment  was  removed  for  the  31 k  units 
by  the  computer.  Again  the  agreement  with  the  theoreti¬ 
cal  curve  is  good  except  in  the  frequency  range  where 
systematic  errors  between  the  average  curve  and  the 
theoretical  curve  were  apparent  in  Fig.  9- 

The  arrows  in  Fig.  10  indicate  the  limits  of  the 
filter  requirements  and  clearly  demonstrate  the  precision 
to  which  the  filter  can  be  made. 

Conclusion 

During  the  last  few  year3,  monolithic  crystal 
filters  have  been  developed  and  an  appropriate  process 
technology  has  been  established  for  the  channel  filter 
used  in  frequency  division  multiplex.  This  work  has  h»d 
considerable  impact  on  analogue  communications  in  the 
Bell  System  and  is  expected  to  lead  to  further  applica¬ 
tions  of  MCF  technology  In  the  future. 
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Plf.  3 
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4.4KHI  AVE. 
RESONATORS  4-5 
4.6KHI  AVE. 
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A6  CHANNEL  FILTER  REQUIREMENTS 


COMPOSITE  FILTER  STRUCTURES  INCORPORATING  MONOLITHIC 
CRYSTAL  FILTERS  AND  LC  NETWORKS 


H.  A.  Simpson,  E.  D.  Finch,  Jr.,  and  R.  K.  Weeman 
Bell  Telephone  Laboratories,  Incorporated 
North  Andover,  Massachusetts 


Summary 

The  monolithic  crystal  filter  may  be  con¬ 
sidered  from  either  of  two  points  of  view:  1) 
as  a  complete,  self-contained  filter  entity;  or 
2)  as  a  two-port  device  which  may  be  Incorpo¬ 
rated  as  a  building  block  into  some  larger  fre¬ 
quency  selective  network.  The  present  paper 
considers  the  monolithic  crystal  filter  from 
the  latter  point  of  view,  with  application  to 
problems  in  bandpass  and  band-elimination  fil¬ 
ter  design.  For  the  bandpass  case,  this  paper 
is  principally  concerned  with  the  problem  of 
realizing  Chebyshev  passband  behavior  from  a 
cascade  of  two  or  more  symmetrical  monolithic 
crystal  filters  (MCFs)  coupled  by  LC  networks. 
For  band-elimination  filters,  the  theory  of 
operation  of  both  inductor-derived  and 
capacitor-derived  monolithic  crystal  filter 
structures  is  presented.  Examples  of  practical 
designs  for  both  bandpass  and  band-elimination 
filters  are  used  to  illustrate  design  tech¬ 
niques  based  on  closed- form  solutions. 

Building  Blocks  for  Composite 
Multi-resonator  Crystal  Filters 

The  building  blocks  considered  in  this 
paper  are  illustrated  in  Fig.  1.  They  include 
the  following: 

1.  Symmetrical,  coupled  two-resonator 
crystal  devices  (HCFa)  having  the  equivalent 
circuit  shown  in  the  figure. 

2.  Narrowband  LC  networks  of  two  types: 

a)  Impedance  Inverters  having  ±90° 

phase  3hift;  and 

b)  Impedance  matching  networks  of  the 

"L"  or  "Pi"  configuration. 

3.  Two-terminal,  single-element  reactances 
(inductors  and  capacitors). 

The  monolithic  crystal  filter  devices  con¬ 
sidered  in  this  paper  are  restricted  to  two- 
resonator  symmetrical  devices.  These  MCFs 
represent  complete  filters  in  tholr  own  right 
and  can  be  specified  by  their  own  filter  para¬ 
meters.  In  the  composite  structure,  however, 
this  identity  13  lost,  and  the  MCF  becomes 
merely  a  device  for  realizing  a  desired  per¬ 
formance  -  in  this  instance,  a  narrowband 
crystal  filter  having  Chebyshev  behavior  in  the 
passband.  As  will  be  seen  later,  Butterworth 
parameters  permit  convenient  description  of  the 
individual  two-reaonator  coupled  devices. 

The  impedance  inverter  networks  shown  in 
Fig.  1  are  composed  of  positive  and  negative 
capacitors.  These  are  realized  in  practice  as 
LC  coupling  networks,  based  on  a  narrowband 
approximation  in  which  the  positive  reactance 
of  an  induotor  is  used  to  realize  the  reactance 
of  a  negative  capacitor.  A3  a  matter  of  inter¬ 
est  as  will  be  3hown  later,  the  equivalent  cir¬ 
cuit  of  the  MCF  includes  an  Inverter  having  the 
required  positive  and  negative  capacitances 


provided  by  the  acoustic  coupling  between 
resonators. 

Impedance  matching  networks  are  required 
at  the  input  and  output  ports  of  the  composite 
filter  to  provide  an  impedance  match  to  the 
source  and  load  impedances.  This  is  necessary 
because  the  source  and  load  impedances  are  gen¬ 
erally  fixed  at  a  value  different  from  the 
optimum  impedance  level  of  the  composite  filter. 

The  discrete  components  3hown  hardly  need 
explanation.  They  are  listed  here,  however,  as 
two-terminal  building  blocks  required  for 
realization  of  inductor-derived  and  capacitor- 
derived  monolithic  band-elimination  filters. 

Some  of  the  features  of  the  composite  fil¬ 
ter  approach  to  narrow  bandpass  filter  design 
may  be  summarized  as  follows: 

1.  It  allows  the  use  of  symmetrical  MCF 
designs. 

2.  The  coupling  and  Impedance  matching 
networks  can  be  used  to  provide  additional  dis¬ 
crimination  against  overtone  passbands. 

3.  Additional  degrees  of  freedom  are 
available  in  the  coupling  networks  for  adjust¬ 
ment,  thus  allowing  requirements  on  the  MCFs  to 
be  relaxed. 

*f.  For  3mali  volume  production,  high- 
order  crystal  filters  may  be  produced  quickly  - 
a3  contrasted  to  development  times  required  for 
single  plate  designs. 

Types  of  Monolithic  Crystal  Filters 

Figure  2  3hows  the  wide  variety  of  MCFs 
that  have  been  developed  for  high  frequency 
filter  applications  to  radio  and  wire  systems. 
Since  1966,  over  100  designs  have  been  devel¬ 
oped.  Of  these,  approximately  12  designs  of 
the  type  shown  ut  the  top  of  the  display  and 
identified  as  multi-order  MCFs  are  for  applica¬ 
tion  to  a  telephone  channel  bank. 

The  two  lower  levels  in  the  display  show 
what  are  commonly  called  second-order  or  two- 
resonator  MCFs,  although  they  have  fourth- 
order  transfer  functions.  Such  MCFs  find  appli¬ 
cation,  individually,  as  single-tone  pick-off 
filters  or  83  components  in  a  composite  filter 
structure.  The  frequency  ranges  Indicated  for 
each  header  size  are  only  approximate. 

Design  Parameters  of  Two-resonator  Devices 

The  mathematical  analyses  to  follow  employ 
the  equivalent  electrical  network  as  3hown  in 
Fig.  3  for  the  MCF.  The  element  values  of  the 
components  comprising  this  equivalent  network 
completely  determine  the  mathematical  model 
that  is  used  to  represent  the  coupled  resonator 
device.  These  element  values  are  given  on  the 
left-hand  side  of  the  figure  in  terms  of  the 
network  design  parameters:  R0,  the  impedance 
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level  of  the  filter;  qj_,  the  normalized  loaded 
Q  of  the  resonators;  BW3  ag,  the  3-dB  bandwidth 
of  the  two-resonator  device  operated  as  an  in¬ 
dividual  filter;  f0,  the  center  frequency  of 
the  filter;  and  a  device  parameter  n,  the  order 
of  overtone  operation  (n»l  for  the  fundamental 
mode).  The  right-hand  side  of  Fig.  3  relates 
the  network  and  device  design  parameters.  The 
device  parameters  are:  A,  the  electrode  area; 
t,  the  plata  thickness;  e,  the  material  permit¬ 
tivity;  and  Ki2»  the  actual  coupling  between 
resonators  in  terms  of  the  frequencies  of  sym¬ 
metric  (fa)  and  anti-symmetric  (fa)  thickness 
shear  displacements.1 


The  network  representing  the  acoustic 
coupling  between  resonators  is  electrically  an 
impedance  inverter  that  has  the  propert:  of 

k2 

presenting  an  impedance  Z  -  § -  at  t>  input 

‘■load 

port  when  the  output  port  is  terminal  .■ "  in 

2  1  )  2 

Zload"  The  lnver3ion  constant,  k  »  ,  is 

approximately  constant  over  the  narrowband 
passband  of  the  filter.  Furthermore,  3ince  the 
z  parametero  Zxi  and  Z22  cf  an  impedance  in¬ 
verter  are  zero,  mesh  resonant  frequencies  are 
unaltered  when  meshes  are  coupled  by  such  a 
network. 


Electrical  Hatching  Networks 

Figure  illustrates  three  LC  narrow-band 
impedance  matching  networks  that  have  been  used 
extensively  to  provide  a  narrowband  impedance 
.  match  between  the  MCF  and  the  source  and  load 
impedances.  Back-to-back  connection  of  such 
sections  provides  electrical  coupling  networks 
for  coupling  two-resonator  MCFs.  The  networks 
3hown  in  low-pass,  high-pass,  and  bandpass 
forms  all  match  Rj  to  R2  at  the  frequency 
<s*-w0.  In  all  cases,  R2  must  be  greater  than 
Rj.  The  three-element  bandpass  section  re¬ 
quires  an  additional  parameter  Aw,  the  3-dB 
bandwidth  of  the  section,  to  uniquely  specify 
all  elements.  This  bandpass  section  is  partic¬ 
ularly  useful  with  overtone  mode  MCFs  where  the 
increased  discrimination  of  the  section  aids  in 
the  elimination  of  the  fundamental  passband. 

The  low-pass  and  bandpa3s-type  sections  provide 
for  a  broadband  absorption  of  the  shunt  capaci¬ 
tance  C0  of  the  MCF  by  supplying  capacitance 
abutting  the  MCF.  The  remainder  of  this  paper 
will  consider  only  the  low-pass-type  section, 
although  similar  results  have  been  achieved 
with  the  other  sections. 

Single-frequency  Resistive  Matching 
at  Junctions 


A  possible  approach  to  the  design  of  a 
composite  four-resonator  crystal  filter  is  in¬ 
dicated  in  Fig.  5.  In  thiB  instance,  a  resis¬ 
tive  matching  technique  is  used  at  selected 
Junctions  of  the  network.  With  a  load  imped¬ 
ance  of  Ri,  each  MCF  is  designed  at  an  imped¬ 
ance  level  of  R0.  Considering  the  coupling 
network  in  the  center  of  the  schematic  as  two 
low-pass  matching  sections  operating  back-to- 
back,  the  impedance  level  Rx  becomes  the  only 
free  parameter. 


identical  Butterworth  MCF3  coupled  by  a  Pi- 
network  at  a  center  frequency  of  8.448  MHz. 
Individually,  each  MCF  was  designed  for  a  3-dB 
bandwidth  of  1400  Hz.  For  the  case  Rx/Ro“0«5» 
an  equlripple  passband  having  a  3-dB  bandwidth 
of  approximately  1600  Hz  and  1-dB  ripple  is 
obtained.  If  the  losses  of  the  Butterworth 
filters  were  merely  additive,  a  bandwidth  of 
only  1000  Hz  would  result.  This  increase  in 
bandwidth  using  an  LC  coupling  section  is  ap¬ 
proximately  60  pel  cent.  For  Rx/R0  above  and 
below  0.5,  large  loss  bumps  appear  above  and 
below  the  passband  center  frequency. 

Computer  Optimized  Results1 

The  technique  of  impedance  matching  previ¬ 
ously  shown  is  not,  in  general,  capable  of  pro¬ 
ducing  sufficiently  flat  passband  performance 
for  critical  applications  where  return  loss 
specifications  might  be  in  excess  of  26  dB. 
Departing  from  the  previous  concept  of  resis¬ 
tive  Impedance  matching,  additional  degrees  of 
freedom  result  if  the  elements  of  the  input 
matching  and  coupling  networks  are  allowed  to 
assume  new  design  values.  Typical  results  that 
can  be  ootalned  by  computer-based  optimization 
are  illustrated  in  Fig.  7.  The  parameters  of 
the  MCPs  were  fixed,  and  the  overall  network 
was  constrained  to  a  symmetrical  structure. 

This  results  in  a  total  of  four  free  variable 
elements.  In  the  computer  optimization  routine, 
the  flatness  of  the  passband  was  optimized  over 
a  selected  band. 

Although  four  return  loss  peaks  were  ob¬ 
tained,  the  return  loss  characteristic  wa3  not 
equi-mlnima,  nor  was  the  insertion  loss  (not 
observable  in  the  scale  shown)  equi-ripple. 

The  deviations  from  the  desired  four-re3onator 
Cheby3hev  response  were  only  slight  and  neglig¬ 
ible  for  all  practical  purposes.  A  closed- form 
solution,  giving  exact  Chevyshev  response,  how¬ 
ever,  was  found  to  exist. 

Modified  Impedance  Matching  Approach 

The  first  impedance  matching  approach  to 
composite  filter  design,  illustrated  in  Fig.  5, 
failed  to  result  in  four-,  esonator  Chebyshev 
performance.  Figure  8  illustrates  a  modified 
impedance  matching  approach  that  results  in 
exact  Chebyshev  response. 

The  matching  sections  are  designed  to  pre¬ 
sent  an  impedance  aR0  to  the  MCFs  The  MCF3 , 
in  turn,  are  coupled  by  an  LC  network,  the  nar¬ 
rowband  equivalent  of  an  impedance  inverter, 
having  an  Inversion  constant  of  (Ro/oK)2.  The 
constant,  a,  is  defined  in  terms  of  the  coef¬ 
ficients  K12  and  Qj,  which  are  the  normalized 
coupling  and  loaded  resonator  Q  specified  by 
Dishal’  for  a  four-resonator  Chebyshev  filter. 

K  is  related  to  the  desired  reflection  coeffi¬ 
cient  of  the  composite  network  at  cei  ter  fre¬ 
quency.  The  reflection  coefficient,  p,  is 
related  to  Amax,  the  maximum  allowable  inser¬ 
tion  loss  ripple. 

Decomposition  of  a  General  N-resor.ator 
Filter  into  a~cbmposlte  Structure 


The  band-widening  and  band-shifting  proper¬ 
ties  of  this  network  are  illustrated  in  Fig.  6. 
In  this  figure,  the  insertion  losses  of  the 
network,  for  specific  values  of  the  dimension¬ 
less  parameter  Rx/Ro  are  plotted.  The  specific 
examples  selected  show  the  response  of  two 


Figure  9  illustrates  the  steps  that  may  be 
taken  to  decompose  an  n-re3onator  (n  even), 
equal  inductance  bandpass  filter  into  an  equiv¬ 
alent  st. ucture  for  realization  as  a  composite 
crystal  filter.  The  elements  in  the  top  sche¬ 
matic  may  be  computed  simply  from  considerations 
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outlined  by  Dishal.*  The  desired  coupled  reso¬ 
nator  form  is  that  shown  in  the  top  figure. 
Within  the  structure,  a  number  of  capacitive- 
tee  impedance  Inverters  are  evident.  The 
actual  value  of  source  and  load  resistance,  R, 
may  be  realized  as  a  physical  resistance  or, 
preferably,  as  a  resistance  presented  by  one  of 
the  narrowband  matching,  sections  of  Pig.  A. 

The  low-pass  and  bandpass  forms  of  these  match¬ 
ing  sections  permit  broadband  absorption  of  the 
shunt  capacitance  C0>  which  has  therefore  been 
neglected  in  Pig.  9*  The  first  pair  of  coupled 
resonators  may  be  realized  as  a  symmetrical 
Butterworth  MCP  shown  schematically  in  the 
lower  figure.  The  3-dB  bandwidth  of  the 
Butterworth  filter  is  related  to  the  ripple 
bandwidth  of  the  composite  filter  and  to  the 
coupling  coefficient,  Kig,  of  the  n-reaonator 
Chebyshev  filter  as  shown.  The  second 
capacitive-tee  impedance  Inverter  is  realized 
by  the  narrowband  equivalent  Pi-network.  Pol¬ 
iowing  this  realization  procedure  throughout 
the  filter,  all  elements  may  be  realized  as 
symmetrical  two-resonator  MCPs  or  as  narrowband 
equivalents  of  Impedance  inverters. 

Figure  10  summarizes  the  number  of  build¬ 
ing  blocks  and  the  number  of  different  building 
block  designs  required  for  an  n-resonator  com¬ 
posite  crystal  filter.  The  "rounding"  indi¬ 
cated  in  Pig.  10  infers  that  improper  fractions 
resulting  from  these  computations  must  be 
rounded  to  the  next  whole  integer.  The  result 
of  the  application  of  the  decomposition  tech¬ 
nique  to  the  realization  of  a  ^2 . 496— MH*  eight- 
resonator  Chebyshev  composite  filter  is  shown 
in  Fig.  11.  As  determined  by  the  chart  of 
Fig.  10,  two  different  symmetrical  MCF  designs 
and  two  different  coupling  network  designs 
(narrowband  Impedance  Inverter  equivalents)  are 
required.  The  schematic  of  Fig.  11  Identifies 
the  MCPs  and  components.  The  wideband  inser¬ 
tion  loss,  pas3band  ripple,  and  Inband  return 
loss  are  seen  to  correspond  to  the  exact 
Chebyshev  filter  case.  In  this  instance,  the 
impedance  matching  networks  required  to  match 
R0  of  the  filter  to  specific  source  and  load 
Impedances  are  not  shown. 

Band-elimination  Filters 

Two  types  of  monolithic  crystal  band- 
elimination  filters  have  been  developed.  These 
filters  are  derived  directly  from  monolithic 
crystal  bandpass  filters  by  the  simple  addition 
of  inductive  or  capacitive  elements  across  the 
ungrounded  electrodes  of  single  MCFs.  The  fil¬ 
ters  have  been  designated  as  inductor-  or 
capacitor-derived  types,  depending  on  the  type 
of  bridging  element. 

Both  the  inductor-derived  and  capacitor- 
derived  bnnd-cllmlnation  filters  (BEFa)  are 
shown  in  Fig.  12.  For  the  inductor  -  derived 
type,  input  and  output  ports  are  coupled  by  an 
Inductor  having  a  reactance  equal  in  magnitude 
to  that  of  one  of  the  acoustic  coupling  capaci¬ 
tors  of  the  MCF  at  the  rejection  frequency. 

Thi3  rejection  frequency  13  identical  to  the 
passband  center  frequency  of  the  MCF  when  used 
in  its  bandpass  mode.  For  the  capacitor-derived 
filter,  a  phase  reversal  of  the  monolithic  fil¬ 
ter  is  required.  This  13  achieved  by  the  con¬ 
nection  Indicated  in  the  schematic.  The  phase 
reversal  achieved  is  clearly  evident  on  compar¬ 
ison  of  the  two  Impedance  Inverters  represent¬ 
ing  the  acoustic  coupling  in  the  equivalent 
networks.  Band-elimination  characteristics  are 


then  obtained  when  Cx  is  made  equal  to  one  of 
the  acoustic  coupling  capacitors,  2m* 

The  band-eliminating  properties  of  these 
filters  may  be  studied  in  a  variety  of  ways, 
but  perhaps  the  easiest  approach  is  the  appli¬ 
cation  of  Bartlett's  Bisection  Theorem  to 
derive  the  equivalent  lattice  network.  For  the 
inductor-derived  case,  the  sequence  of  networks 
shown  at  the  top  of  Fig.  13  illustrates  the 
method  and  verifies  the  existence  of  zero 
transmission  at  the  rejection  frequency,  f0, 
from  the  properties  of  a  balanced  lattice.  The 
broadband  equivalent  lattice  network  for  the 
inductor-derived  filter  is  shown  in  the  sequence 
at  the  bottom  of  Fig.  13. 

For  practical  applications,  the  inductor- 
derived  form  of  this  BEF  has  superior  passband 
performance  as  compared  to  its  capacitor- 
derived  counterpart.  This  is  clear  when  it  is 
observed,  as  in  Fig.  14,  that  the  BEF  Is  es¬ 
sentially  comprised  of  two  filters  connected  in 
parallel:  1)  a  low-pass  filter  (C2,  Lx,  C2), 
and  2)  a  monolithic  crystal  filter.  The  rejec¬ 
tion  properties  at  f  have  already  been  ex¬ 
plained.  In  the  passband,  the  Impedances  of 
the  individual  resonators  comprising  the  MCF 
are  extremely  high,  and  the  resulting  network 
reduces  to  a  simple  low-pass  filter  (C2,  Lx, 

C2 ) .  These  elements,  and  the  associated  source 
and  load  Impedances,  determine  the  cut-off  fre¬ 
quency  of  the  low-pas3  filter  which  limits  the 
highest  frequency  that  may  be  passed  in  a  par¬ 
ticular  design.  Furthermore,  this  impedance 
level  cannot  be  selected  arbitrarily  in  practi¬ 
cal  designs  because  of  limitations  in  broadband 
transformer  capabilities.  Some  compromise  and 
iteration  may  be  necessary  at  this  stage  to 
achieve  a  satisfactory  compromise  between  the 
low-pass  filter  design  and  the  design  of  the 
MCF.  One  must  also  realize  that  vibrational 
modes  other  than  the  main  mode  exist  in  the  MCF 
and  produce  passband  irregulavltles.  Design 
considerations  related  to  spurious  mode  suppres¬ 
sion  confine  the  MCF  parameters  to  a  limited 
range.  The  design  procedure  outlined  In 
Fig.  14  has  been  found  useful.  Some  iteration, 
however,  is  generally  required  before  a  satis¬ 
factory  overall  design  is  obtained. 

An  example  of  the  application  of  these 
design  principles  to  the  realization  of  a 
42.88-MHz  pilot-blocking  filter  is  shown  in 
Fig.  15.  Autotransformers  are  incorporated  for 
broadband  impedance  matching  to  the  75-ohm 
source  and  load.  Two  inductor-derived  BEF  sec¬ 
tions  are  required  to  meet  the  stopband  require¬ 
ments,  and  a  four-section  low-pass  filter  is 
chosen  to  permit  compensation  for  the  distribu¬ 
ted  capacitance  of  the  transformers  and  for  the 
static  capacitances  of  the  MCFs.  To  achieve 
the  passband  indicated  as  flat  to  within 
,'0.05  dB  from  1  to  75  MHz,  an  additional  ampli¬ 
tude  equalizer  is  necessary.  A  fundamental 
mod*?  MCF  was  required  to  meet  passband 
specifications. 

Conclusion 

In  this  paper,  the  authors  have  treated 
the  MCP  as  a  device  specifically  designed  as  a 
component  or  building  block  of  some  larger  fre¬ 
quence  selective  network.  Applications  to  both 
bandpass  and  band-elimination  filters  have  been 
cited.  The  theory  of  operation  has  been  dis¬ 
cussed  and  pertinent  design  techniques  have 
been  presented.  Certain  advantages  in  the 
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building  block  approach  have  been  pointed 
out. 
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CESIUM  ATOMIC  BEAM  FREQUENCY  STANDARDS: 

A  SURVEY  OF  LABORATORY  STANDARDS  DEVELOPMENT  FROM  1949-1971  * 


R.  E.  Bechler 

Time  and  Frequency  Division 
National  Bureau  of  Standards 
Boulder,  Colorado  80302 


Summary 


A  general  review  is  presented  of  progress 
achieved  by  the  more  active  standards  laboratories  in 
developing  laboratory  cesium  beam  standards  during  the 
1949-1971  period.  For  each  significant  time  period 
during  this  22-year  interval  an  attempt  is  made  to  point 
out  the  basic  approaches  employed,  principal  character¬ 
istics  of  some  of  the  more  important  devices  developed, 
main  problems  encountered,  some  solutions  attempted 
in  meeting  these  problems,  and  the  main  accomplish¬ 
ments.  For  background  purposes  a  brief  discussion  of 
the  differences  in  approach  between  commercial  and 
laboratory  cesium  standards  and  a  general  review  of 
cesium  beam  operating  principles  are  also  included. 

Key  Words:  Atomic  frequency  standards.  Cesium 
beam  frequency  standards,  Laboratory  cesium  standards. 

Comparison  of  Laboratory  and  Commercial 
Cesium  Standards  Approaches 

The  purpose  of  this  paper  is  to  review  progress 
achieved  during  the  past  22  years  in  the  development  of 
cesium  atomic  beam  frequency  standards.  The  emphasis 
will  be  primarily  on  developments  in  the  national  stand¬ 
ards  laboratories,  as  contrasted  with  those  achieved  by 
commercial  firms.  For  more  information  regarding 
some  of  the  latest  developments  in  commercial  cesium 
standards,  the  reader  is  referred  to  the  paper  in  this 
volume  by  R.  Hyatt,  et  al.  1 

Figure  1  illustrates  some  of  the  differences  be¬ 
tween  the  approaches  followed  by  commercial  firms  and 
the  national  standards  laboratories  in  designing, 
building,  and  using  cesium  beam  frequency  standards. 
Clearly,  developers  of  both  commercial  and  laboratory 
standards  strive  for  high  accuracy  and  high  stability, 
these  characteristics,  obviously  needed  by  rtatlonal 
standards  labs,  also  make  good  commercial  sense. 
However,  the  commercial  developer  must  operate  within 
constraints  imposed  by  the  necessity  to  produce  a  stand, 
ard  of  reasonable  size,  weight,  and  reliability  which 
will  provide  good  performance  over  the  rather  wide  range 
of  environmental  conditions  found  in  typical  field  applica¬ 
tions.  Because  most  time  and  frequency  applications, 
such  as  the  proposed  time  and  frequency  collision  avoid¬ 
ance  system,  for  example,  require  stable  sources  rather 
chan  accurate  ones,  commercial  compromises  are  more 
often  made  with  respect  to  accuracy  than  stability.  In 
the  case  of  laboratory  standards,  on  the  other  hand, 
accuracy  is  of  paramount  importance  and  such  factors  as 
size,  weight,  electrical  power  consumption,  and  so 
forth,  are  not  permitted  to  compromise  the  accuracy 


achieved.  Most  laboratory  standards  are  designed  not 
only  to  provide  a  high  accuracy  capability  but  also  to 
allow  for  thoroughly  evaluating  and  documenting  this 
accuracy  as  often  as  is  required. 

A  further  difference  between  the  commercial 
standards  laboratory  approaches  shows  up  when  one 
examines  the  respective  design  features  for  achieving 
good  frequency  stability  performance.  One  way  to 
express  this  quality  of  stability  is  the  widely  used  con¬ 
cept  of  figure  of  merit,  which  for  cesium  beam  tubes  is 
proportional  to  the  signal-to-noisc  ratio  of  the  cesium 
beam  tube  output  signal  divided  by  the  resonance  linc- 
width.  In  commercial  developments  a  high  figure  of 
morit--and  hence  a  good  stability  performancc--is 
achieved  primarily  by  designing  for  a  very  high  beam 
signal-to-noisc  ratio,  in  the  laboratory  standards  casc-- 
at  least  until  rather  rccenily--the  designer  usually  tried 
to  achieve,  a  high  figure  of  merit  by  means  of  a  very 
narrow  resonance  lincwldth--a  technique  that  resulted  in 
some  very  long  beam  tubes  as  we  shall  see  later. 

These  differences  in  approach  between  commercial 
and  laboratory  standards  appear  to  be  decreasing,  how¬ 
ever,  in  recent  years.  Careful  design  and  attention  to 
detail  are  resulting  in  commercial  tubes  with  stability 
performance  comparable  to  that  of  recent  laboratory 
standards.  At  the  ramc  time,  factors  which  affect 
accuracy  in  commercial  cesium  standards  are  receiving 
closer  scrutiny.  Conversely,  present-day  designs  of 
laboratory  beam  tubes  arc  making  increasing  use  of 
design  techniques  and  technologies --for  example,  getter - 
ing  materials  to  improve  the  vacuum --developed  or  used 
first  by  the  commercial  designers.  One  laboratory 
device,  now  being  designed  in  Canada,  is  actually  intended 
for  essentially  continuous  use  in  a  time  scale  application-- 
much  like  its  commercial  counterparts.^  At  NBS,  we 
have  tried  to  obtain  the  best  of  both  the  commercial  and 
standards  laboratory  'worlds  by  contracting  with 
Hcwlett-Yackard  to  jointly  design  and  construct  a  refined 
beam  tube,  known  as  NBS-X4.  This  increasing  cross- 
fertilization  of  ideas  between  commercial  and  standards 
laboratories  is  most  encouraging;  it  seems  quite  clear 
already  that  accelerated  improvement  of  both  commercial 
and  laboratory  standards  is  taking  place  as  one  direct 
rosult. 

In  the  remaining  part  of  th.s  paper  the  discussion 
will  mainly  concern  laboratory  standards  developed 
during  the  past  20  years  or  so  at  five  oi  the  more  active 
laboratories  in  Europe  and  North  America  as  shown  m 
figure  2.  This  is  not  to  imply,  however,  that  other  labs 
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have  not  in  the  past  or  are  not  now  also  contributing  to 
the  general  progress  being  made  in  this  field. 

Review  of  Cesium  Beam  Operating  Principle,! 

To  provide  a  brief  refresher  on  how  a  cesium  be.im 
s.andard,  commercial  or  laboratory,  operates,  figure  3 
shows  one  common  form  of  the  basic  technique.  Cesium 
atoms  effuse  from  a  source,  shown  on  the  left;  travel 
down  an  evacuated  tube  at  thermal  velocities  through  a 
aeries  of  magnetic  fields;  and  depending  on  their  exact 
path  through  the  tube  they  either  strike  the  detector  on 
the  right  side  of  the  slide  or  are  lost  from  further  con¬ 
sideration.  Atoms  following  either  of  the  trajectories 
shown  have  their  magnetic  moments  aligned  by  the  first 
deflecting  magnet,  called  the  A  magnet,  in  such  a  direc¬ 
tion  that  forces  are  exerted  forcing  the  atoms  back 
toward  the  axis  of  the  tube.  As  the  atoms  next  pass 
through  the  excitation  cavity  region,  a  resonance  condi¬ 
tion  exists  if  the  microwave  field  in  the  cavity  has 
precisely  the  same  frequency  as  that  corresponding  to 
the  separation  of  two  possible  energy  states  of  the 
cesium  atom.  If  the  frequencies  match,  and  if  certain 
other  conditions  regarding  the  microwave  power  level 
and  directions  of  the  fields  are  satisfied,  the  atom  will 
change  from  one  of  its  energy  levels  to  another,  effec¬ 
tively  causing  a  180°  change  in  the  orientation  of  its 
magnetic  moment  as  compared  to  its  previous  direction 
in  the  A  magnet  field.  When  the  atom  now  enters  the  B 
deflecting  magnet,  which  is  identical  to  A,  it  is  deflected 
in  the  opposite  direction  as  in  the  A  field,  since  its 
magnetic  moment  has  been  reversed  in  the  process  of 
making  a  transition  between  energy  states.  As  the  tra¬ 
jectories  indicate,  these  atoms  then  strike  the  detector 
where  they  are  ionized,  producing  an  electrical  current 
proportional  to  the  number  of  atoms  per  second  hitting 
the  detector.  As  we  have  seen,  this  number  is  also  pro¬ 
portional  to  the  number  of  atoms  per  second  making  a 
transition  and  is  thus  a  measure  of  whether  the  oscillator 
frequency  providing  the  microwave  field  in  the  cavity 
matches  the  resonance  frequency  characteristic  of  the 
cesium  atom.  The  detected  signal,  if  combined  with 
suitable  servo  electronics,  can  then  be  used  to  automat¬ 
ically  and  continuously  correct  the  slave  oscillator  fre¬ 
quency  to  a  constant  value,  related  in  a  known  way  to  the 
cesium  frequency.  A  small,  uniform  DC  magnetic  field 
terms  the  C  field,  is  also  provided  in  the  center  region 
between  the  A  and  B  deflecting  magnets  in  order  to  keep 
the  magnetic  momenta  of  the  atoms  oriented  properly 
and  to  make  it  possible  to  utilize  only  one  particular 
microwave  energy  state  transition  from  among  the  group 
of  21  that  arc  theoretically  possible  with  the  cesium 
atom. 

Influences  on  Stability  and  Accuracy  Performance 

As  background  for  the  upcoming  discussion  of 
stability  and  accuracy  achievements  and  limitations,  it 
may  be  worth  noting  some  of  the  aspects  of  this  magnetic 
resonance  technique  that  influence  these  performance 
measures.  The  stability,  as  we  have  already  seen, 
depends  on  the  resonance  ltnewldth  on-,  the  beam  signal- 
to-noise  ratio.  It  is  characteristic  of  h.e  'echniquo  that 
the  resonance  llnewidth  becomes  narrow  as  the  time 
of  flight  of  the  atoms  between  the  two  arms  of  the  U- 
shaped  excitation  cavity  becomes  longer.  The  signal- 
to-noise  ratio  of  the  beam  dependt  mainly  on  how  many 
atoms  per  second  make  transitions  and  are  processed  by 
the  detector,  and  this,  of  course,  depends  in  turn  on  the 


detailed  design  of  the  bea  n  optics  system.  The  signal  - 
to-noise  ratio  is  also  degraded  by  any  background  level 
of  cesium  seen  by  the  detector,  since  such  atoms  con¬ 
tribute  shot  noise  to  the  detection  process  without  adding 
signal  component.  Finally  excessive  noise  levels  in  the 
various  electronic  systems  involved  can  also  degrade  the 
output  stability. 

The  accuracy  performance  of  a  cesium  standard, 
on  the  other  hand,  is  generally  degraded  by  any  effect 
which  causes  the  actual  working  cesium  frequency  as 
provided  by  the  atomic  beam  machine  to  be  shifted  away 
from  the  ideal  frequency  associated  with  a  completely 
unperturbed,  isolated  cesium  atom.  It  is  important  to 
realize,  however,  that  often  it  is  only  the  uncertainties 
in  the  exact  amount  of  these  frequency  shifts  that  con¬ 
tribute  to  inaccuracy.  In  principle,  a  frequency  shift 
whose  magnitude  and  direction  are  perfectly  known  can 
be  compensated  for  by  applying  a  correction  to  all  meas¬ 
urements. 

One  source  of  error  in  this  magnetic  resonance 
technique  involves  frequency  shifts  produced  by  unwanted 
and  unknown  phase  differences  bt tween  the  microwave 
fields  in  the  two  ends  of  the  excitation  cavity.  A  second 
possible  problem  area  is  uncertainties  in  our  knowledge 
of  the  C  field--that  is,  its  magnitude,  direction,  and 
uniformity  over  the  length  and  cross-section  of  the 
atomic  beam.  Further  errors  may  result  from  uncer¬ 
tainties  in  first  and  second  order  Doppler  shifts  which 
involve  knowledge  of  the  velocity  distribution  of  the 
atoms  in  the  beam.  The  electronics  systems  can  con¬ 
tribute  a  variety  of  errors  from  sources  such  as  second 
harmonic  distortion  of  the  modulation  signal,  an  asym¬ 
metrical  T.F  spectrum  used  to  excite  the  cesium  reso¬ 
nance,  and  miscellaneous  effects  related  to  the  servo 
system  e;ec.ronics.  As  implied  earlier,  the  detailed 
evaluation  .>f  such  accuracy -limiting  effects  as  these  for 
each  particular  cesium  standard  built  is  one  of  the  prin¬ 
cipal  activities  in  standards  labs  working  with  state-of- 
the-art  devices. 

'•tarly  History  of  laboratory  Cesium  Standards 

This  m  .gnetic  resonance  technique  being  reviewed 
is  neither  very  new  nor  restricted  in  usefulness  to  atomic 
frequency  standards.  In  fact,  the  method,  without  some 
of  today's  refinements,  was  actually  perfected  by  Dr. 
Isidor  Rabi  at  Columbia  University  back  in  the  1930's  as 
a  tool  for  studying  atomic  and  molecular  physics.  ^  It 
apparently  waul 't  until  1945  that  Dr.  Rabi  first  suggested 
that  this  techniqie  should  be  useful  in  building  an  atomic 
frequency  shirdari?,  ^  About  four  years  later,  NBS--with 
the  help  of  Pi  .feasor  Kusch,  also  from  Columbia --started 
work  on  the  first  d  reel  application  of  Rabi's  technique 
to  frequency  standards.  In  1952  the  standard  shown  in 
figure  4,  NDS-I,  w.  a  successfully  operated  in  the  sense 
of  producing  the  4  0  *  3,  0  resonance  curve  of  ceainm- 

133,  using  only  i*  single  excitation  region5  rather  than 
the  separated  lid  l  method  developed  by  Professor  Ramsey 
two  or  three  years  earlier.^  Within  a  few  months  NBS-I 
had  been  modified  to  use  the  new  Ramsey  technique  and 
a  narrow  cesium  resonance  only  300  Hz  wldo  was 
observed.  7  At  this  point,  Dr.  Harold  Lyons  of  NBS 
predicted  that  accuracies  of  1  X  10"^®  appeared  possible 
with  this  type  of  device.  NBS-I  was  not  used  during  this 
very  early  period  as  a  routine  frequency  standard  for 
regular  calibration  work,  bul  rather  was  considered  a 
research  system  fci  making  further  studies  and 
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improvements  of  this  new  type  of  standard.  By  1955 
other  cesium  standards  were  also  coming  on  the  scene. 

At  MIT,  Zacharias,  Yates,  and  Haun  were  the  first  to 
develop  servo  systems  for  electronically  locking  a  crys¬ 
tal  oscillator  to  the  cesium  resonance.  8  Their  work 
later  led  to  the  first  commercial  cesium  beam  standard — 
National's  Atomichron.  At  NPL,  Dr.  Essen  and  his 
colleagues  became  the  first  group  to  build  and  place  into 
routine  operation  a  cesium  standard  for  periodic  cali¬ 
bration  of  secondary  oscillators.  ^  Figure  5  is  a  picture 
of  Essen's  original  standard,  NPL-1.  It  was  this 
machine  which  generated  the  cesium-referenced  meas¬ 
urements  during  the  1955-1958  period  in  cooperation 
with  the  U.  S.  Naval  Observatory  that  led  to  the  famous 
770  number  referring  the  cesium  frequency  to  Ephemeris 
time.  That  number  has,  of  course,  now  staked  out 
its  claim  to  further  immortality  since  the  redefinition 
of  the  second  in  1967.  * 

Development  of  Laboratory  Cesium  Standards: 
1955-1971 


In  order  to  discuss  the  development  of  laboratory 
cesium  standards  after  1955  the  next  16-year  period  will 
be  divided  into  three  separate  time  periods,  each  one  of 
which  covers  a  significant  phase  of  development  in  getting 
to  where  we  are  now.  The  first  period  covers  the  orig¬ 
inal  group  of  standards  from  four  of  the  major  labs, 
including  the  early  NBS  and  NPL  work  already  mentioned. 
The  second  period  covers  «  group  of  second-generation 
standards  from  the  same  labs.  Finally,  the  third  sig¬ 
nificant  period  starts  about  1967  when  some  newer 
approaches  began  to  be  explored  and  continues  up  to  the 
prcscnt--and  perhaps  even  a  year  or  so  beyond, 

In  the  remaining  portion  of  this  paper  each  of  these 
three  periods  will  be  examined  in  more  dctail--certainly 
not  on  a  standard-by-standard  basis,  but  rather  from 
the  point  of  view  of  looking  for  the  general  approaches, 
accomplishments,  and  problems  coming  out  of  each 
period  spanning  several  years. 

Early  Development  Period:  1955-1958 

Beginning  with  the  1955-1958  period,  the  general 
approach,  in  simplest  terms,  was  to  build  an  atomic 
frequency  standard,  using  the  magnetic  resonance  tech¬ 
nique,  that  would  work!  Little  thought  was  given  to 
refinement;  the  important  thing  was  to  develop  an  oper¬ 
ating  model  r-o  that  studies  could  be  made  of  its  basic 
advantages  and  limitations.  In  other  words,  it  was  a 
necessary  period  in  which  laboratories  gained  valuable 
experience  in  the  application  of  this  new  technique. 

Since  all  of  the  labs  were  starting  from  nearly  the 
same  base  level  of  experience,  it's  perhaps  not  too 
surp-ising  that  one  can  fairly  easily  identify  some  fea¬ 
tures  which  were  common  to  all  or  at  least  moot  of  these 
earliest  devices.  First,  they  all  used  the  Ramsey  tech¬ 
nique  to  obtain  narrower  linewidths.  Probably  due  to  a 
general  lack  of  experience,  the  beam  optics  systems 
were  kept  quite  simple  and  very  cloudy  related  to  what 

*  In  1 967  the  13th  General  Conference  on  Weights  and 
Measures  defined  the  "second"  as:  "the  duration  of 
9192631770  periods  of  the  radiation  corresponding  to  the 
transition  between  the  two  hyperfine  levels  of  the  ground 
state  of  the  cesium-133  atom." 


had  been  used  successfully  in  earlier  work  with  the  mag¬ 
netic  resonance  technique.  Since  relatively  small  beams 
were  used  with  some  fairly  inefficient  beam  optics,  the 
resulting  beamsignal-to-noise  ratio  was  rather  low. 

Phase  shift  errors,  if  they  were  seriously  evaluated  at 
all,  were  measured  by  physically  reversing  the  micro- 
wave  cavity  and  observing  a  resulting  change  in  direction 
of  any  phase  shift  error  present.  Resonance  linewidths 
were  typically  a  few  hundred  hertz  wide.  With  the  excep¬ 
tion  of  the  standard  at  LSRH  these  early  standards  did 
not  include  servo  electronics,  but  rather  required  an 
operator  to  manually  plot  out  resonance  curve  after 
resonance  curve  in  order  to  calibrate  an  oscillator. 


In  spite  of  many  problems  there  were  some  very 
significant  accomplishments.  For  one  thing,  independent 
standards  were  constructed  in  at  least  four  different 
laboratories  which  operated  successfully  and  proved  the 
value  of  the  basic  technique  for  standards  applica¬ 


tions. 


9,  11-13 


The  accuracies  achieved  within  a  range 


of  a  few  parts  in  10*'  to  one  part  in  10*®  may  sound  a 
little  crude  to  laboratory  standards  people  today,  but  in 
1958  these  results  were  little  short  of  remarkable.  And, 
as  already  noted,  the  cesium  frequency  was  carefully 
related  to  the  best  known  astronomical  time  unit. 


An  important  outgrowth  of  this  early  period  was 
well -documented  information  regarding  the  main  limita¬ 
tions  which  had  to  be  overcome  for  improved  perform¬ 
ance.  Some  of  these  arc  listed  in  figure  6.  The  first 
three  primarily  limited  the  short  and  medium-term 
stability  of  the  standards  and  indirectly  also  th’oir  accu¬ 
racy,  while  the  latter  two  problems  affected  more  the 
very  long-term  stability  and  the  accuracy  evaluation  of 
the  devices.  As  one  further  example  of  a  product  of  this 
early  development  period,  Csl,  developed  at  NRC  in 
Canada,  is  shown  in  figure  7. 

Second-Generation  Laboratory  Standards:  1050-1Q66 

The  second  major  time  period  identified--from 
1959  to  1966 --might  be  termed  the  "age  of  refinement." 
The  gener'  i  approach  to  building  better  laboratory  cesi¬ 
um  frequency  standards  was  to  refine  the  techniques  and 
hardware  that  worked  in  the  earliest  models  just  dis¬ 
cussed.  Better  frequency  rcferences--in  the  form  of 
more  stable  crystal  oscillators  and  the  early  atomic 
standards--became  available  and  greatly  aided  in  the 
evaluation  of  the  second-generation  standards.  For 
example,  at  NBS,  NBS-I  was  used  as  a  stable  reference 
for  evaluative  measurements  on  NBS-II,  and  NBS-II 
later  proved  most  helpful  in  the  evaluation  of  NBS-III, 

As  understanding  of  the  basic  strengths  and  weaknesses 
of  the  various  devices  increased  during  this  1959-1966 
period,  so  did  the  appreciation  of  the  need  for  more 
refined  evaluation  techniques  and  measurements  in  order 
to  fully  document  the  improved  accuracy  ani  stability 
being  observed. 

In  terms  of  stability  improvements  during  this 
period  the  trend  was  mainly  toward  designing  for  narrow¬ 
er  resonance  linewidths,  thereby  improving  the  figurcof 
merit  and  thus  the  stability  performance.  The  narrower 
linewidths  were  achieved  by  increasing  the  time  for 
atoms  to  interact  with  the  excitation  field  by  bui'ding 
standards  of  greater  length.'8'*8  This  trend  toward 
longer  lengths  finally  stopped  at  about  6  meters  overall 
length  and  3.7  meters  interaction  length  for  NBS-III. 
although  a  proposal  was  actually  submitted  to  NBS  at  o,ie 
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point  for  a  vertical  standard  17  meters  long!  Some 
efforts  were  also  made  during  this  period  to  increase 
the  stability  via  improved  beam  signal-to-noi3c  ratio-- 
mainly,  by  employing  larger  begins  with  larger  dipole 
deflecting  magnets.  The  higher -quality  crystal  oscil¬ 
lators  already  mentioned  helped  to  provide  more  stable 
excitation  sources,  while  the  more  widespread  use  of 
electronic  servo  systems  for  controlling  the  excitation 
frequency  finally  eliminated  the  need  for  tedious  and  in¬ 
efficient  manual  measurement  techniques. 

Significant  improvements  were  made  in  these 
second-generation  standards  in  reducing  error  sources 
identified  from  experience  with  the  earlier  models.  *“*'*® 
The  frequency  errors  caused  by  cavity  phase  shifts  were 
attacked  on  at  least  three  different  fronts.  First,  the 
basic  cavity  construction  techniques  were  refined  so 
that  phase  differences  between  the  ends  of  the  cavity 
were  not  as  likely  to  occur.  Careful  measurements  of 
electrical  asymmetries  during  construction  proved  most 
helpful.  Second,  more  laboratories  began  to  make 
better  evaluations  of  cavity  phase  shifts  by  physical 
reversal  of  the  cavity.  In  one  case  at  least,  NBS-llf, 
the  cavity  was  left  undisturbed  but  the  beam  was  reversed 
by  physically  interchanging  the  oven  and  detector  with 
some  improvement  in  the  reproducibility  of  the  phase 
shift  data.  Third,  a  new  technique  was  tried  at  MIT 
which  employed  square -wave  phase  modulation  instead 
of  the  more  common  sinewave  frequency  modulation.  *q 
This  technique  makes  use  of  the  transient  response  of 
the  atomic  beam  to  provide  an  electrical  signal  related 
to  any  existing  cavity  phase  difference,  but  so  far  none 
of  the  standards  labs  have  adopted  the  method. 

C-field  errors  were  reduced  somewhat  by  provid¬ 
ing  better  magnetic  shielding  through  additional  separated 
layers  and  materials  with  superior  magnetic  properties. 
The  uniformity  of  the  C-ficld  was  improved  m  several 
labs  by  adopting  a  4-wirc  field-producing  sti  .cturc. 

Frequency  shifts  caused  by  RF  soc-.t.  am  asym¬ 
metries  received  much  closer  attention  'iur.ng  tht« 
period.  Various  systems  and  techniques  »«rc  developed 
for  looking  at  spectrum  problems,  such  as  analysis  of 
the  beat  note  between  two  X-band  excitation  systems, 
use  of  an  ammonia  maser  m  a  narrow  band  spectrum 
analyzer  system,  and  measurements  of  the  microwave 
power  dependence  of  the  cesium  frequmey,  which  turns 
out  to  be  sensitive  to  RF  asymmetries.  Theoretical 
studies,  particularly  regarding  the  power  dependence, 
have  been  helpful  in  pointing  the  way  to  bettor  evaluation 
techniques  for  spectrum  effects,2®  The  sensitivity  of 
the  cesium  frequency  to  KF  spectrum  effects  added 
impetus  to  the  development  of  lower -noise  electronics 
components  during  this  period  and  to  a  generally  in¬ 
creased  activity  in  designing  and  building  multiplier 
chains,  modulation  systems,  and  servo  components  that 
were  compatible  with  the  increased  performance  beam 
tubes  appearing  on  the  scene.  The  possible  accuracy- 
limiting  errors  caused  by  the  presence  of  second  har¬ 
monic  distortion  of  the  modulating  signal  are  a  specific 
example  of  an  electronic  problem  that  received  much 
attention.  In  addition  to  the  successful,  straightforward 
reduction  of  second  harmonic  distortion  levels  through 
better  circuit  designs  and  construction  procedures  by 
most  of  the  labs,  a  more  novel  approach  was  taken  at 
NRC  by  developing  a  new,  square -wave  frequency  mod- 
ulation  system  that  employed  10-sc  -.ond-interval 
switching  between  two  appropriate  microwave  frequencies 


to  successfully  reduce  systematic  errors  from  the 
electronics.  2* 

Summarizing  the  main  accomplishments  dvring 
this  1959-1986  period,  a  number  of  second-generation 
laboratory  standards  were  built,  most  of  which  are  still 
used  today--though  perhaps  with  added  improvements. 

The  accuracy  performance  was  improved  by  a  factor  of 
ten  to  levels  varying  from  3  X  10"*  :  (1  <T)  to  1  X  10'** 

(1  a).  Stability  improvements,  largely  duo  to  the  narrow 
40-100  Hz  linewidths  achieved,  r>'sulted  in  performance 
of  1  X  10"*,*  (1  O)  for  1 -second  averaging  times  improv¬ 
ing  as  t  *  to  a  level  of  1  X  10'* 3  or  better.  Typical 
tabulations  of  bias  uncertainties  showed  that  in  spite  of 
significant  progress  phasu  shift  errors,  electronics 
effects,  and  C-fiold  uncertainties  continued  to  be  the 
most  serious  accuracy  limitations. 

Figures  8,  9,  and  10  show  three  of  these  second- 
generation  stande  ds:  NPL-2,  NBS-I1I,  and  CsIII  (NRC), 
respectively. 

More  Recent  Laboratory  Standards:  1967-1071 

TFc  last  of  the  three  time  periods  covers  the 
period  from  1967  to  the  present  and  is  characterized  by 
a  continuing  attempt  to  refine  existing  techniques  but 
also  by  a  more  active  development  of  some  new  tech¬ 
niques.  It  might  also  be  considered  as  a  period  of 
creator  sophistication  where  previous  tendencies  to 
design  lunger  standards  to  achieve  greater  stability  have 
been  replaced  by  concentrated  attempts  to  increase  the 
signal-to-noise  jatio  of  the  beam.  For  example,  the 
present  PTB  standard  with  an  excitation  region  only 
79  cm  long  has  produced  1-second  stabilities  as  low  as 
3  X  1 0 " * 2  or  a  figure  of  merit  of  nearly  30  as  compared 
to  about  10  for  present  long-beam  standards.  2  An  even 
smaller  tube  being  developed  as  LSRH  has  shown  promise 
of  even  better  stability  based  on  signal-to-noisc  meas¬ 
urements.**3  In  the  case  of  the  NBS-X42**  and  NBS-528 
designs,  a  large  increase  in  jignal-to-noioc  ratio  is 
made  possible  by  using  a  large  digital  computer  to  opti¬ 
mize  the  parameters  of  the  beam  optics  systems.  NBS- 
X4,  with  a  total  length  of  about  1.3  meters,  should  pro¬ 
vide  a  figure  of  merit  of  nearly  100,  corresponding  to  a 
stability  of  1  X  10'*2  in  1  second.  NBS-5,  which  is  a 
major  rebuilding  of  N'BS-III,  is  designed  for  a  figure  of 
merit  of  at  least  500,  corresponding  to  a  1 -second 
stability  of  about  2  X  10"*3. 

Other  laboratories,  particularly  NRC.  23  PTB,  27 
and  LSRH,  23  have  been  working  with  beam  tubes  employ¬ 
ing  hcxapolc  ur  combinations  of  hexapole  and  dipole  de¬ 
flecting  magnets  to  increase  the  useful  beam  intensity 
significantly.  The  primary  advantage  in  using  hexapole 
magnets,  of  course,  lies  in  their  ability  to  focus  a  cy¬ 
lindrical  beam  of  atoms.  In  addition  to  the  direct  increase 
in  useful  beam  intensity  that  results,  a  further  advantage 
is  gained  indirectly  by  being  able  to  operate  a  higher 
cesium  oven  temperatures  without  running  into  collision 
problems  in  the  simpler  beam  collimator  permitted  by 
the  hexapole  design.  8 

Figure  II  shows  some  of  the  possible  variations 
on  the  multipole  beam  optics  designs.  For  comparison, 
the  upper  scheme  is  just  the  usual  flop-in  technique  with 
dipole  deflecting  magnets.  In  the  second  situation--thc 
hexapole  flop-in  case --atoms  which  make  transitions  arc 
focused  on  an  annular  detector.  Two  difficulties  with 
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this  scheme  are  that  the  relatively  large  surface  area  of 
the  annular  detector  tends  to  increase  noise  levels  in 
the  detection  system  and  the  annular  detector  is  harder 
to  construct.  The  hexapole  flop -out  system  shown  next, 
which  is  that  used  in  the  present  PTS  standard,  27  per¬ 
mits  a  small,  spot  detector,  but  suffers  somewhat  from 
the  relatively  high  background  of  atoms  which  strike  the 
detector  without  first  making  a  transition.  These  atoms 
contribute  to  the  shot  noise  without  adding  useful  signal. 
Lastly,  the  bottom  scheme  shows  the  hybrid  system 
being  constructed  and  tested  now  at  LSRH,  featuring  a_ 
hexapole  A  magnet  and  a  double-gap  dipole  B  magnet. 

In  this  design  the  previously-mentioned  disadvantages 
of  large  detector  surface  area  and  difficult  construction 
problems  in  one  case  and  a  large  background  of  unflopped 
atoms  in  the  second  case  are  all  eliminated.  A  small 
price  is  paid,  however,  in  terms  of  an  intensity  reduc¬ 
tion  due  to  the  dipole  B  magnet's  inability  to  process 
some  of  the  atoms  supplied  by  the  hexapole  A  magnet. 
Figure  12  shows  a  view  of  this  rather  unique  double-gap 
dipole  B  magnet  used  at  LSRH --the  center  structure 
serves  both  as  one  of  the  magnet  poles  and  a  beam  stop 
to  eliminate  unwanted  atoms. 

Good  progress  is  also  being  made  on  the  reduction 
of  systematic  errors  which  affect  the  accuracy  of  these 
newer  laboratory  standards.  The  cavity  phase  shift 
problem  is  being  approached  mainly  along  three  lines. 
First,  more  of  the  standards  are  now  being  built  with 
facilities  for  reversing  the  beam  direction  through  the 
undisturbed  cavity  as  a  means  of  precisely  and  accurately 
evaluating  this  error  source.  Second,  in  the  case  of  the 
existing  NBS-X4  and  Csl  (PTB)  bi  am  tubes,  the  single 
over  and  detector  can  be  physicallv  intcrchanged--in  the 
case  of  the  PTB  standard,  without  breaking  the  vacuum. 
Third,  the  modified  long -beam  machine  at  NPL,  29  the 
new  CsV(NRC)  standard  now  being  designed  in  Canada, 2^ 
a  proposed  now  standard  at  PTB,  22  and  the  nearly- 
completed  NBS-52’’  arc  all  designed  with  a  movable  oven 
and  detector  at  each  end  to  operate  with  a  beam  in  either 
direction  for  phase  shift  evaluation  quickly,  easily,  and 
under  more  optimum  conditions.  Errors  from  this 
source  should  then  be  reduced  to  1  X  10"* 2  or  below. 
Another  more  novel  approach  is  employed  in  the  present 
PTB  standard  where  the  dependence  of  the  phase  shift 
error  on  the  average  beam  velocity  is  used  to  detect 
phase  shift  error.27  The  beam  velocity  can  be  varied 
in  this  machine  over  a  ratio  of  2:1  by  interchanging  two 
different  sets  of  focusing  magnets  designed  to  focus 
widely  different  velocities--the  interchange  requires 
only  about  one  second  to  complete. 

C-ficld  errors  are  still  being  improved  in  the 
newer  standards  both  by  better  shielding  designs  and 
materials  and  by  generating  more  uniform  fields.  As 
an  impressive  example,  the  present  Csl  standard  at 
PTB  employs  a  longitudinal  C-field  rather  than  the 
usual  perpendicular -to-thc -beam  orientation,  allowing 
the  use  of  a  very  uniform  solenoid  coil  structure  to 
produce  fields  sufficiently  uniform  over  the  transition 
region  to  reduce  associated  errors  to  less  than 
3  X  10'14.  (33)  Figure  13  shows  a  picture  of  this  machine. 

Electronics  improvements  seem  to  bo  generally 
keeping  pace  with  beam  tube  progress.  Some  impres¬ 
sive  results  have  been  obtained  by  NBS  and  some  com¬ 
mercial  labs  in  terms  of  building  signal  processing 
equipment  and  oven  oscillators  with  greatly-improved 


phase  noise  characteristics.  ^  Also  in  the  area  of 
electronics,  NRC  has  developed  an  improved  version  of 
their  square-wave  frequency  modulation  system,2*  The 
new  system  uses  a  faster  switching  rate  of  8  1/3  Hz,  and 
NRC  feels  that  the  tob..;  error  contributed  by  the  complete 
electronics  system,  including  multipliers,  modulation 
system,  and  servo  compoi.onts,  is  now  less  than  1  X  10"*2. 
PTB  has  adopted  the  same  gene  al  type  of  square -wave 
system,  featuring  a  3  Hz  switching  rate  and  appropriate 
suppression  of  transient  effects  The  PTB  group  has 
also  attempted  to  provide  more  sracle  excitation  sources 
by  designing  their  system  for  locking  the  excitation  oscil¬ 
lator  to  cither  a  rubidium  cell,  a  hydrogen  maser,  or  a 
very  good  crystal  oscillator. 

Finally,  the  second  order  Doppler  shift  lUcertaintv, 
which  becomes  very  important  at  accuracy  levc  j  of 
5  X  10"* 2  or  better,  has  been  studied  extensively  at 
NRC2^  and  NBS.22  The  major  effort  is  directed  toward 
developing  methods  of  inferring  the  actual  velocity  dis¬ 
tribution  in  the  atomic  beam  from  an  analysis  of  the 
observed  Ramsey  resonance  curves.  Results  thus  far 
look  very  promising  for  reducing  this  uncertainty  to  less 
than  1  X  lO"12. 

Conclusion 

Figure  14  summarizes  the  accuracies  achieved  by 
the  various  national  standards  labs,  beginning  in  1956 
and  including  some  projected  values  for  standards  now 
in  the  process  of  construction.  The  plotted  values  are 
generally  equivalent  to  1  a  estimates  and  are  based  on 
published  results  from  the  various  labs  discussed.  The 
exact  placement  of  some  of  the  points  is  somewhat  un¬ 
certain,  since  it  is  not  always  possible  to  determine 
exactly  when  a  given  accuracy  was  first  achieved.  How¬ 
ever,  it  is  clear  that  accuracies  of  4  X  10"12  have  already 

•>'>  ee  * 

been  achieved46’  and  that  improved  values  of  near 
1  X  10’*2  are  expected  within  the  next  year  or  so.  22,  23,  2 

In  terms  of  stability  performance  the  best  reported 
value  so  far22,  33  is  0(2,  t)  =  2,  8  X  10"12  t"«  .  Within 
the  next  year  this  value  should  be  improved  by  more  than 
a  factor  of  ten25  to  near  2  X  10'13. 

The  generally  high  level  of  performance  being 
achieved  by  today's  laboratory  cesium  standards  is  con¬ 
firmed  by  analyses  of  long-term  comparison  data  among 
the  various  standards  by  means  of  Loran-C  and  portable 
clock  trips.  The  peak-to-pcak  spread  of  frequencies  of 
the  lab  standards  appears  to  be  about  1  X  10*  .  24 
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Abstract 


II.  Calculation  of  Frequency  Shifts 


A  phase  difference  between  the  two  interaction 
regions  of  a  Ramsey  excitation  resonance  structure 
results  in  a  frequency  bias  in  the  measured  beam 
resonance.  A  simple  mathematical  model  is  discussed 
which  describes  the  dependence  of  this  bias  on  the 
phase  difference,  the  microwave  power  level,  the  mod¬ 
ulation  amplitude,  and  the  resonance  lincwidth. 

This  dependence  results  from  the  interaction  of  the 
modulated  microwave  excitation  frequency  with  the 
asymmetric  shape  of  the  slightly  shifted  resonance  line. 
In  a  first  order  approximation,  no  dependency  on  the 
frequency  modulation  amplitude  is  expected.  Near- 
linear  dependencies  on  the  lincwidth  and  microwave 
power  level  which  are  quite  pronounced  even  at  rela¬ 
tively  small  cavity  phase  differences  are  predicted. 

The  theoretical  results  are  compared  with  one  set 
of  experimental  data  on  the  microwave  power  dependence 
as  measured  in  1969  with  the  primary  cesium  beam 
standard  NBS-UI.  After  a  correction  is  applied  to  re¬ 
move  the  power  dependence  due  to  spectral  impurity  of 
the  microwave  excitation,  the  remaining  measured  power 
dependence  agrees  quantitatively  with  that  calculated 
using  a  cavity  phase  difference  of  about  3  milliradians. 

Key  Words:  Cavity  phase  shift.  Cesium  beam  tube. 
Frequency  accuracy,  Frequency  standard.  Power  shift, 
Resonance  line  shape. 


1.  Introduction 

In  accordance  with  the  international  definition/  the 
unit  of  time  interval,  the  second,  is  realized  with  a 
cesium  beam  apparatus.  Several  bias  corrections  have 
to  be  applied  to  the  measured  resonance  frequency  in 
order  to  obtain  the  resonance  frequency  of  the  unper¬ 
turbed,  free  cesium  atom.^  In  this  paper  we  consider 
only  those  bias  corrections  which  are  associated  with  a 
phase  difference  between  the  two  interaction  regions  of 
a  Ramsey  excitation  resonance  structure.^ 


We  will  proceed  on  the  basis  of  the  following  set  of 
assumptions  and  approximations:  (a)  No  frequency 
deviations  from  resonance  exceed  the  linewidth;  (b)  the 
microwave  interrogation  power  does  not  deviate  greatly 
from  optimum  power;  (c)  the  modulation  of  the  micro- 
wave  signal  is  sinusoidal;  (d)  the  modulation  frequency 
is  less  than  the  resonance  linewidth;  (e)  the  velocity 
distribution  in  the  atomic  beam  is  Maxwellian,  and 
(f)  t  «  L  where  i  and  L  are  the  lengths  of  the  inter¬ 
action  and  drift  regions,  respectively,  as  defined  by 
Ramsey.^ 


In  the  presence  of  a  cavity  phase  difference  the 
central  peak  of  the  Ramsey  resonance  pattern  will  be 
displaced  from  the  resonance  frequency  of  the  unper¬ 
turbed  atom.  Furthermore,  the  lineshape  will  display  a 
certain  asymmetry.  We  restrict  ourselves  to  tho  con¬ 
ditions  (a)  and  (b)  above  and  can  in  first  order  approxi¬ 
mate  the  central  peak  of  the  Ramsey  pattern,  l(p),  by 


Up) 


A  +  B0  sin 


n(p  -  P^) 

»r(p-  P^) 

U 

+  C08 

W 

In  eq  (1)  A,  B,  and  C  are  constants  under  given  experi¬ 
mental  conditions;  W  is  the  linewidth  at  half  intensity; 

U  has  the  characteristic  of  a  linewidth:  U  e  W  for 
monovclocity  atoms,  U  is  the  same  order  of  magnitude 
as  W  for  our  assumption  (e)  above;  and  p.  is  a 
parameter  related  to  the  cavity  phase  difference  0, 
Using  condition  (e)  above,  it  can  be  shown  that 


VA-  V  = 

0  O 


30 

4ir 


W  . 


(2) 


In  eq  (2)  UQ  is  the  resonance  frequency  in  the  absence  of 
a  cavity  phase  difference.  Because  of  the  asymmetry, 
the  frequency  of  the  central  peak  p  differs  from  p  . 

By  setting  dl{p)/dp  =  0,  we  obtain 


In  this  paper  we  present  a  simple  mathematical 
model  which  allows  analytical  solutions  to  the  question 
of  frequency  shifts  in  the  presence  of  a  cavity  phase 
difference.  The  results  are  intended  to  aid  in  tho  under¬ 
standing  of  the  physical  mechanisms  involved.  Although 
our  mathematical  model  is  only  an  approximation  to  the 
physical  situation,  and  is  tailored  to  a  particular  set  of 
conditions,  we  feel  that  it  is  close  enough  to  the  real 
conditions  which  were  encountered  in  the  National 
Bureau  of  Standards  Frequency  Standard,  NBS-UI,  to 
warrant  a  quantitative  comparison  with  experimental 
data  from  this  apparatus.  This  is  done  in  Soction  V  of 
this  paper. 
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0 


B  W30 
ffCU 
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We  now  proceed  to  calculate  tho  frequency  to  which 
the  slave  oscillator  frequency  servo  will  "tune-in."  If 
we  modulate  p  in  a  sinusoidal  fashion  [condition  (c) 
above]  about  some  value  t/j  with  the  amplitude  p  and 
the  angular  frequency  CO  we  can  write  m 


f{t)  =  Pj  + 


P  sin  cot  . 
m 


(4) 
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We  now  make  use  of  assumption  (d)  above  and  substitute 
eq  (4)  into  eq  (1),  using  eq  (3)  to  express  B.  We  obtain 


Ift}  =  A  t-  C 


(P  -  sin 

P  <W! 


4  cos 


A(„  . 

u'm 


W(I,1 ' 


V 


p  sin  let) 
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(5) 


p.  4  P  sin  tot ) 
0  m 


We  are  interested  in  the  coefficient  of  that  term  in  I  ft} 
which  varies  as  sin  Wt,  because  the  servo  forces  this 
term  to  be  zero. 

Now 
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U  1  0  m 
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VV 
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and 
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W  1  0  m 
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sinwt  4  harmonics. 


Then  the  coefficient  of  sinwt  in  l(t)  [eq  (5)]  vanishes 
when 


sin  —  (l/j  -  UJ 


--  V  V  $c°’ulV  ■'-> 


(6) 


In  order  to  evaluate  eq  (8)  we  have  to  express  B/C  in 
terms  of  the  operating  conditions.  Following  eq  (1)  we 
choose  a  linear  approximation  based  on  the  numerical 
results  of  Ref.  3,  and  we  obtain  B0tr/CU  **  20/3ir  W0. 
WQ  io  the  linowidth  at  optimum  power  PQ.  Equation  (8) 
can  now  be  written 
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III,  Frequency  Modulation  Amplitude  Dependence 

In  eq  (10)  any  dependence  on  the  frequency 
modulation  amplitude  is  solely  due  to  the  arguments  of 
the  Bessel  functions  which  contain  p  .  The  approxi¬ 
mate  nature  of  our  discussion  requires  that  we  restrict 
our  discussion  to  modulation  amplitudes  not  exceeding 
the  optimum  modulation,  that  is  to 
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This  and  the  fact  that  U  and  W  can  be  expected  not  to 
differ  greatly  leads  us  in  a  first  order  approximation  to 
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(12) 


According  to  eq  (12),  Ap  has  no  functional  depend¬ 
ence  on  p  .  We  conclude  that  in  the  limits  of  our  ap¬ 
proximation  no  frequency  modulation  amplitude  dependent 
frequency  bias  is  to  be  expected  for  p  £  p  This 
result  is  in  accordance  with  our  experimental1 observa¬ 
tions  on  the  cesium  beam  frequency  standards  at  the 
National  Bureau  of  Standards, 


IV.  Power  Dependence 


In  eq  (6),  p.  can  now  be  interpreted  as  the  resonance 

frequency  of  the  beam  tube,  since  p  is  the  frequency 

to  which  the  servo  will  "tune-in."  Note  that  p.  is  not 

equal  to  cither  p  or  n,. 
v  p  0 

We  have  assumed  that  the  offset  is  always  small 
compared  to  the  linewidth,  i.  e. ,  (p^  -  p  )  <<  W, 

(Pj  -  P^)  <<  U,  and  we  can  rewrite  eq  (6/ 
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Substituting  eq  (2)  and  eq  (3)  into  eq  (7)  we  obtain 


Equation  (8)  gives  us  the  frequency  bias 
define 

u,-u  •  Ap  . 

1  o 


.  (8) 

Ap  which  we 

(9) 


We  can  use  eq  (12)  to  obtain  the  dependence  of  the 
frequency  bias  Ap  on  the  microwave  power  P. 

Equation  (12)  shows  that  the  frequency  bias  is  a  function 
of  the  phase  difference  and  the  resonance  linewidth. 

The  linewidth,  moreover,  is  a  function  of  the  microwave 
power  level.  This  can  be  understood  intuitively  if  one 
realizes  that  with  decreasing  microwave  power  the 
slower  molecules  become  relatively  more  effective 
which  results  ir.  a  corresponding  line-narrowing.-*  The 
frequency  bias  ,Np  thus  becomes  power  dependent.  A 
numerical  calculation  of  the  relationship  between  line- 
width  and  microwave  power  is  depicted  in  Fig.  1.  In 
Fig.  2  we  depict  the  frequency  bias  Ap  as  a  function  of 
both  linewidth  [eq  (12)]  and  microwave  power  [eq  (12) 
and  Fig.  1],  The  ordinato  is  normalized  to  Ap/Ap  =  1 
at  optimum  power,  P  =  F  and  W  =  W  ,  whero  Ap 
denotes  the  frequency  bias  at  optimum  power. 

Equation  (12)  and  Fig.  2  show  that  the  power  de- 
pendenct;  of  the  frequency  bias  is  almost  linear;  however, 
we  note  that  the  extrapolation  of  this  near-linear  portion 
to  P-0  does  not  yield  a  vanishing  frequency  bias,  A 
reduction  of  power  from  P  to  P./2  will  result  in  a 
frequency  bias  change  of  about  1/3  of  the  total  bias  at 
optimum  power  or  more  accurately 

AP  {Pq/2}  <w  0.70  Avq  .  (13) 
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V.  Experimental  Results 

The  reported  measurements  were  .performed 
during  the  accuracy  evaluation  of  the  cesium  beam  fre¬ 
quency  standard,  NBS-111,  in  1969.  Figure  3  depicts 
the  experimental  results.  Plotted  is  the  fractional 
frequency  change  as  a  function  of  the  microwave  power 
level  for  opposing  beam  directions  (solid  lines).  The 
precision  of  these  measurements  is  discussed  in  Ref.  2. 
The  microwave  power  changes  ranged  from  PQ  (optimum 
power)  to  not  less  than  one -fourth  PQ.  The  actual  value 
for  was  P  =  1.  4  mWj  the  frequency  modulation 
amplitude  was  adjusted  to  v  «  l>  ,  The  two  slopes 
are  +22  X  10"13  per  mW  amf^ll  X  I0'13  per  mW.  The 
total  fractional  frequency  change  with  beam  reversal  at 
P  =  Pq  is  78  X  10*13  which  gives  us  At>0/P0  =  39  X  10"13. 

We  believe  that  the  asymmetry  in  the  two  slopes  of 
Fig.  3  is  caused  by  asymmetries  in  the  spectrum  of  the 
microwave  signal.  *  Such  effects  may  be  expected  to  be 
unchanged  under  beam  reversal  and  to  depend  linearly 
on  the  microwave  power  (for  a  small  single  sideband 
perturbation).  3  We  obtain  symmetric  slopes  if  we  sub¬ 
tract  a  slope  of  +5.  5  X  10'13  per  mW.  Thus  we  can 
conclude  that  the  spectrum  causes  a  power  shift  of 
+5.  5  X  10"13  per  mW  (dashed  line  in  Fig.  3),  and  the 
cavity  phase  shift  a  power  dependence  of  ±16.  5  X  10*13 
per  miff  (dashed-dotted  lines  in  Fig.  3). 

As  we  expected  theoretically,  we  have  a  seemingly 
linear  functional  dependence.  The  measured  biases  at 
optimum  power  and  half-optimum  power  are  respec¬ 
tively,  bvJvo  =  39  X  10-13and  Ab[Po/2)/P0=  27.  5  X  lO’33 
or 

Ai/{Pq/E)  *  0.  71  &VQ  (14) 

which  is  in  agreement  with  the  theoretical  results  of 
Fig.  2  and  eq  (13). 

We  can  now  calculate  the  cavity  phase  shift  0  from 
eq  (12).  The  numerical  calculation  yields 

A^o  =  0.  26  WQ0  .  (15) 

The  linewidth  was  measured  to  be  W  =  45  Hz  and  we 
obtain  from  eq  (15)  with  the  power  dependent  frequency 
change  discussed  before  3  X  10”  radians. 

VI.  Conclusions 

We  presented  an  analytical  discussion  of  fr  quency 
shifts  in  a  beam  tube  which  relate  to  the  presence  of  a 
cavity  phase  difference  between  the  two  RamBey  excita¬ 
tion  regions  The  results  are  approximate  and  may 


♦Other  causes,  e.  g.  ,  the  second-order  Doppler  effect 
which  is  totally  ignored  in  this  paper,  must  be  taken 
into  consideration  when  extreme  accuracies  (beyond 
the  present  state  of  the  art)  are  the  objective. 


be  expected  to  be  different  for  different  experimental 
conditions  (see  Section  II).  * 

The  results,  as  summarized  in  eqs  (10)  and  (12) 
and  in  Fig.  2  show  that  frequency  shifte  caused  by  cavity 
phase  differences,  the  microwave  power  level,  the 
resonance  linewidth  (velocity  of  atoms),  and  the  fre¬ 
quency  modulation  amplitude  are  closely  interrelated. 

Frequency  changes  due  to  changes  in  the  microwave 
power  level  are  quite  pronounced,  which  is  contrary  to 
the  result  of  a  previous  treatment  of  this  subject.  In 
fact,  the  power  dependence  could  be  utilized  to  deter¬ 
mine  the  frequency  bias  when  other  causes  for  frequency 
bias  are  known  to  be  absent,  e.  g.  ,  microwave  spectrum 
effects  (see  Section  V).  In  this  case  the  measurement  of 
the  frequency  change  with  reduction  of  the  microwave 
power  to,  for  example,  PQ/2  yields  directly  the  fre¬ 
quency  bias  according  to  eq  (13).  We  have  used  this 
method  in  recent  experiments  on  new  cesium  beam  tubes. 

A  cavity  phase  difference  will,  in  general,  also 
cause  frequency  shifts  to  occur  if  the  frequency  modula¬ 
tion  amplitude  is  changed.  The  frequency  changes  are 
virtually  absent  if  a  frequency  modulation  amplitude  of 
less  than  half  the  linewidth  is  chosen  (Section  III). 
However,  if  larger  frequency  modulation  amplitudes 
are  used  or  if  the  cavity  phase  difference  is  unusually 
large  (large  bias)  this  effect  could  become  significant. 

An  analytical  treatment  which  is  valid  for  these  con¬ 
ditions  would  require  a  higher  order  approximation 
than  was  attempted  in  this  paper. 

In  the  presence  of  a  spectrum-related  frequency 
bias  of  unknown  magnitude,  methods  like  the  one  dis¬ 
cussed  above  will  not  be  adequate.  Beam  reversal 
presently  appears  to  be  the  only  method**  which  then 
allows  the  separation  and  individual  measurement  of  the 
different  frequency  biases.  Beam  reversal  changes  the 
sign  in  eq  (12):  consequently,  one  should  then  obtain 
microwave  power  (and  frequency  modulation  amplitude) 
dependencies  which  are  identical  for  the  two  beam 
directions,  except  for  the  sign  reversal.  Any  deviationc 
from  this  symmetry  would  indicate  the  presence  of 
additional  effects,  e.  g.  ,  signal  spectrum  asymmetry. 

The  frequency  biases  can  then  be  obtained  as  was 
demonstrated  in  Section  V  (Fig.  3). 


•The  treatment  of  the  power  dependence  due  to  cavity 
phase  differences,  as  preoented  in  this  paper,  leads 
to  a  rather  simple  physical  picture:  The  chosen 
microwave  power  level  acts  like  a  velocity  selector 
because  only  atoms  within  a  rather  narrow  velocity 
range  will  have  a  significant  transition  probability. 
Atoms  with  velocities  othor  than  that  selected  by  the 
given  power  level  do  contribute,  but  only  in  some 
minor  fashion  as  may  be  seen  from  eq  (12)  and 
Figs.  1  and  2. 

•  ♦Beam  velocity  changes,®  as  applied  to  the  detection 
and  correction  of  cavity  phase  differences,  act  in  a 
way  quite  similar  to  the  variation  of  the  microwave 
power.  Both  act  on  W  in  eq  (12).  However,  this 
method  also  should  only  be  used  with  great  caution 
if  spectrum  related  frequency  biases  are  present. 
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We  summarize:  In  the  absence  of  other  biases, 
e.  g. ,  spectrum- related  biases,  variation  of  the  micro- 
wave  power  offers  a  way  to  easily  detect  and  correct  for 
a  cavity  phase  difference  and  the  related  frequency  bias. 
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FIGURE  1  -  Calculated  dependence  of  the  linewldth 
as  a  function  of  the  microwave  power. 
Linear  approximation. 


FIGURE  2  -  Calculated  Frequency  bias 
(normalized)  as  a  function 
of  linewldth  and  microwave 
power. 


as  a  function  of  the  microwave  power  level 
(P  *  1.4  mW)  for  both  directions  of  the 
atomic  beam.  The  dashed  lino  represents 
the  bias  attributed  to  spectral  Impurities 
of  the  microwave  signal.  The  dashed-dotted 
linos  are  obtained  by  subtracting  this  bins 
from  the  measured  results  end  represent  the 
bias  due  to  a  cavity  phase  difference.  For 
details  on  the  experimental  procedure  and 
a  discussion  of  the  measurement  precision  and 
accuracy,  see  Ref.  2. 
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Summary 


During  the  past  few  years,  Hewlett-Packard  has 
developed  a  new  small  (6.4")  cesium  beam  tube,  a 
new  frequency  standard  which  uses  the  small  tube, 
and  an  improved  16"  beam  tube  which  can  be  retro¬ 
fitted  in  existing  HP  cesium  standards.  These  new 
products,  developed  on  company  funds,  are  desig¬ 
nated  the  HP  5084  tube,  the  HP  50G2A/B  standard,  and 
the  HP  5083  tube,  respectively.  Part  I  of  this  paper 
deals  with  the  development  and  characteristics  of 
the  new  cesium  tubes.  Part  11  discusses  the  details 
of  the  50G2A/B  standard  and  some  aspects  of  the 
performance  of  a  modified  HP  5061  standard  retro¬ 
fitted  with  a  new  improved  1G"  lube. 


Part  I  --  Beam  Tubes 


Introduction 

Since  the  design  principles  and  features  in  the 
two  new  beam  tubes  have  much  in  common,  the  dis¬ 
cussion  of  both  tubes  is  carried  out  in  parallel  in 
this  section.  The  discussion  is  divided  into  three 
main  subdivisions: 

1.  Factors  related  to  beam  intensity. 

2.  Factors  related  to  accuracy  and  stability. 

3.  Other  design  factors. 

Finally,  a  table  is  presented  to  compare  the  impor¬ 
tant  characteristics  of  the  new  tubes  with  the  present 
16"  tube,  the  HP  6120.  The  data  presented  is  based 
on  measurements  on  a  few  prototype  tubes  and  is 
expected  to  be  typical  for  future  tubes  of  this  design. 
We  do  not  yet  have  adequate  data  to  make  firm  quan¬ 
titative  statements  about  the  accuracy  and  reproduci¬ 
bility  of  these  new  products.  More  extensive 
measurements  on  a  fairly  large  group  of  standards  and 
tubes  are  required  to  give  statistical  significance  to 
such  specifications. 


generally  to  achieve  the  maximum  figure  of  merit1 
without  using  too  much  cesium.  Considerable  uncer¬ 
tainty  has  centered  on  the  choice  of  deflection  magnet, 
specifically,  whether  to  choose  a  multipole  magnet 
approach  (using  four  or  six  pole  magnets),  dipole 
magnets  (which  have  been  used  on  all  commercial 
cesium  tubes  by  all  companies  to  date),  or  perhaps  a 
hybrid  system.  This  is  a  difficult  question  to  answer 
with  accuracy.  Even  large  computers  are  over-taxed 
by  the  large  number  of  calculations  required  when 
simplifying  approximations  are  not  made.  And,  in 
some  cases,  the  simplifying  approximations  have  led 
to  serious  errors  in  the  conclusions  from  such 
calculations.  So,  a  combination  of  calculations  and 
experiments,  which  generally  are  long  and  expensive, 
has  been  required  to  clarify  this  issue.  On  reviewing 
this  information,  we  at  HI5  decided  to  use  dipole  mag¬ 
net  optics,  but  with  one  innovation--we  ran  two  beams 
in  parallel  in  the  improved  16"  tube  and  12  beams  in 
parallel  in  the  small  6.4"  tube.*  This  decision  was 
based  on  a  comparison  between  a  set  of  hexapole 
optics  and  double  dipole  optics  for  a  16"  tube.** 

A  hexapole  tube  was  built  whose  figure  of  merit, 
corrected  for  mass  spectrometer  efficiency  and  multi¬ 
plier  noise,  was  measured  to  be  about  9  sec1/z  at  an 
effective  oven  temperature  of  110’C  with  a  rate  of 
cesium  expenditure  of  0. 154  gm/yr.  The  computed 
signal  for  this  tube  would  lead  to  a  higher  figure  of 
merit  under  the  approximations  used  in  the  calcula¬ 
tion.  Background  signal  is  difficult  to  compute,  but 
the  actual  background  level  is  always  high  in  multipole 
tubes,  degrading  the  figure  of  merit.  The  calculations 
for  hexapole  tubes  are  not  as  satisfactory  as  those  for 
dipole  tubes.  The  double  dipole  optics  calculations 
predicted  a  figure  of  merit  of  15  secV3  with  an  effec¬ 
tive  oven  temperature  of  llO'C  and  an  expenditure 
rate  of  cesium  of  0.7  gm/yr.  Constructed  tubes  give 
close  to  this  performance. 

The  hexapole  tube  is  thus  oon.ewhat  more  efficient 
in  the  use  of  cesium-.  This  efficiency  is  given  by: 

Q  ■=  F>'  R  , 


Factors  Related  to  Beam  Intensity 


In  the  last  fifteen  years,  considerable  effort  has 
-,een  spent  trying  to  arijive  at  an  optimum  design  for 
the  beam  optics,  i.e. ,  the  choice  of  deflection  magnet 
characteristics,  the  choice  of  collimator  and  detec¬ 
tor  geometry,  the  division  of  the  tube  length  between 
deflection  and  free  drift  regions,  etc.  The  object  is 


where  F  is  the  figure  of  merit  and  R  is  the  cesium 
expenditure  rate.  For  the  hexapole  design  we  get 

*Patent  applied,  for. 

**The  work  on  the  16"  muljlpole  tube  was  supported 
by  the  Naval  Ship  Systems  Command,  Contract 
No.  N0024  -67 -C-1048. 
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Q  =  530  year  sec/gm  and  for  the  double  dipole 
Q  =  320  year  sec/gm.  However,  the  dipole  design  is 
capable  of  using  the  cesium  at  a  greater  rate  without 
self-scattering  in  the  beam  because  the  oven  aper¬ 
tures  can  be  larger.  This  allows  a  figure  of  merit 
larger  by  a  factor  of  about  1.  67.  In  addition,  multi¬ 
pole  magnets  are  more  expensive  to  make  and  do  not 
lend  themselves  to  a  multiple  beam  configuration. 

Figure  1  shows  the  magnet  pole  piece  used  on 
the  small  tube.  Note  that  while  there  is  an  array  of 
parallel  beam -deflecting  gaps,  the  s*-"cture  is  not 
a  multipole  magnet.  The  motivation  for  using  parallel 
beams  was  primarily  to  increase  the  beam  intensity, 
but  it  was  soon  recognized  that  an  important  extra 
benefit  was  available--if  the  beams  are  stacked  back 
to  back  (as  shown  in  Figure  1),  greatly  improved 
performance  under  acceleration  is  realized.  Suppose 
an  acceleration  is  applied  in  the  direction  of  the  beam 
deflection  (normally  the  most  sensitive  direction  to 
acceleration).  The  signal  from  one  set  of  beams  will 
decrease,  but  this  decrease  tends  to  be  balanced 
out  by  an  increase  in  the  signal  from  the  other  set 
of  beams.  So  there  is  a  great  reduction  in  the  net 
signal  change  under  acceleration.  This  has  been 
checked  by  measuring  the  tube  output  signal  while 
rotating  the  tube.  The  results  are  shown  in 
Figure  2. 


Factors  Related  to  Accuracy  and  Stability 

The  microwave  cavity  and  the  "C"  field  (i.  e. , 
the  uniform  field  of  the  order  of  0. 06  gauss  in  the 
interaction  region)  are  the  most  important  factors 
in  determining  accuracy  and  stability  of  the  frequency 
which  characterizes  a  given  beam  tube.  These 
elements  are  discussed  in  this  section. 

Both  new  tubes  use  a  conventional  "U"-shaped 
Ramsey  cavity  which  is  milled  in  two  mating  sections 
from  solid  blocks  of  metal.  This  manufacturing 
method  is  consistent  with  the  high  mechanical  accu¬ 
racy  and  stability  r  rements  of  the  structure. 

The  characteristic  .ese  structures  are  summa¬ 
rized  in  Table  I.  f>  „e  aments  have  been  made  on 
the  electrical  length  asymmetry  of  the  arms  of  the 
cavity.  The  cavity  phase  difference  produced  by  the 
measured  asymmetry  would  cause  frequency  shifts  no 
larger  than  2  X  10"53  in  the  improved  16"  tube  and 
no  larger  than  7  X  10* 13  in  the  small  lube. 

The  magnetic  shields  in  both  new  tubes  are  simi¬ 
lar.  Both  are  triple  shielded.  The  innermost  shields 
are  rectangular  boxes,  closed  on  all  Hides,  with  aper¬ 
tures  for  the  beam  and  the  microwave  input  guide. 

The  boxes  contain  exciting  coils  to  generate  the  C 
field.  Since  the  aperture  for  the  input  guide  is  rela¬ 
tively  large,  a  "baffle"  shield  with  an  exciting  winding 
is  placed  between  it  and  the  beam  to  reduce  the  pertur¬ 
bation  from  the  aperture.  The  combination  of  these 
design  features  with  an  improved  degaussing  method* 
has  led  to  a  large  improvement  in  the  shielding  factor 
and  in  C  field  stability.  The  new  degaussing  teclinique 
involves  the  use  of  a  moderately  small,  very  low 
frequency  decaying  current.  The  tube  is  initially 


degaussed  after  the  standard  has  been  placed  in 
operation  and  the  C  field  turned  on.  After  this,  a  very 
low  level  degauss  can  be  applied  while  the  standard  is 
being  used  as  a  clock  with  negligible  perturbation  to 
its  operation.  This  is  very  useful  when  it  is  desired  to 
make  small,  deliberate  changes  in  the  C  field.  This 
procedure  should  reduce  C  field  drift  to  very  small 
values.  The  degausser  can  easily  be  built  into  the 
equipment  if  desired.  If  the  shields  are  deliberately 
magnetized  so  as  to  shift  the  Zeeman  frequency  about 
2  kHz,  they  can  be  degaussed  reproducibly  within  about 
5  Hz,  corresponding  to  frequency  offsets  of  less  than 
1X10'13. 

The  results  of  an  experiment  to  determine  the 
shielding  of  an  improved  16"  tube  are  shown  in 
Figure  3.  Note  that  the  shielding  factor  measured 
here  is  about  one  million.  The  effect  of  various 
orientations  of  the  earth's  field  should  be  only  a  few 
parts  in  101 4. 

A  test  was  run  on  the  temperature  stability  of  the 
improved  16"  C  field.  A  temperature  change  of  30°C 
produced  a  maximum  shift  of  0. 04%  in  Zeeman  fre¬ 
quency  which  corresponds  to  a  fractional  frequency 
change  of  about  1.4  X  10*'- a. 

The  microwave  spectra  of  the  new  small  and 
improved  tubes  are  shown  in  Figures  4  and  5,  respec¬ 
tively. 

Other  Engineering  Features 

The  detector  section  of  the  tubes  received  a  con¬ 
siderable  amount  of  attention.  A  new,  ruggedized 
ionizer  was  designed,  similar  in  both  tubes.  The 
lowest  mechanical  resonance  occurs  at  about  900  Hz 
for  the  small  tube  and  at  about  1100  Hz  for  the  16" 
tube.  Tests  showed  no  observable  frequency  shifts 
when  the  tubes  were  vibrated  at  or  near  the 
resonance  frequencies. 

The  mass  spectrometers  have  approximately  50% 
efficiency  and  good  rejection  for  potassium.  They 
were  designed  with  the  help  of  potential  models  using 
resistance  paper  and  conductive  paint  to  make  two- 
dimensional  models  and  an  electrolytic  tank  for  the 
cases  requiring  cylindrical  symmetry. 

The  electron  multipliers  in  both  tubes  require 
only  six  stages  since  the  beam  currents  are  fairly 
high  due  to  the  efficient  design  and  multiple  beams. 

Careful  attention  lias  been  paid  everywhere  to 
make  the  tubes  extremely  rugged  and  reliable.  The 
experience  gained  from  the  large  number  of  tubes  of 
the  earlier  design  in  operation  in  the  field  has  been  of 
great  value.  Particular  efforts  have  been  made  to 
raise  the  mechanical  t  csonance  frequencies  as  high  as 
possible.  Adequate  cesium  and  cesium  getters 
have  been  supplied  to  give  an  estimated  life  of  5  years 
for  continuous  operation. 

Figure  6  shows  the  new  small  tube  compared  to 
a  standard  16"  tube. 


*  Patent  applied  for. 
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Part  II  —  5062A/B  Cesium  Standard 


Introduction 

The  development  of  the  miniature  cesium  beam 
tube  has  opened  up  a  new  area  of  application  for 
precision  time  and  frequency  standards.  The  cesium 
standards  presently  available  were  designed  primarily 
for  laboratory  use  whereas  the  small  ruggedized  tube 
has  made  possible  the  design  of  a  compact  primary 
frequency  standard  for  field  and  systems  use. 

The  HP  5062A/B  Cesium  Standard  has  been 
developed  to  fill  the  need  for  precision  time  and 
frequency  in  such  systems  as  the  Aircraft  Collision 
Avoidance  System  as  presently  defined  by  the  Air 
Transport  Association. 3  Figure  7  shows  a  size 
comparison  between  the  airborne  version  of  the 
50G2A/B  and  the  I1P  50G1A  Cesium  Beam  Frequency 
Standard.  The  5062A/B  is  about  half  the  weight  and 
one -third  the  volume  of  the  5061A. 

The  protrusion  on  the  front  panel  of  the  5062B 
is  a  detachable  battery  pack  which  is  present  in  the 
5062B  commercial  airline  version  only.  The  only 
input-output  to  the  5062B  is  through  a  special  AR1NC 
rack  connector  located  on  the  rear  panel. 

The  front  panel  of  the  50G2A,  which  is  a 
commercial  version  of  the  5062B,  will  have  logic 
indicators,  a  magnetic  field  control  and  some  circuit 
monitoring  functions.  The  rear  panel  will  have 
conventional  power  plugs  and  output  connectors. 

Another  possible  configuration  would  be  a 
16-3/4"  wide  by  5-1/4"  high  by  1G-1/2"  deep  rack 
package.  This  is  the  same  package  size  as  the  HP 
50G5A  Rubidium  Standard.  The  circuitry  and  beam 
tube  required  for  the  cesium  standard  would  occupy 
about  one-half  of  the  volume  of  this  package,  leaving 
the  remaining  half  available  for  user  options  such 
as  clocks  and  special  output  frequencies. 


Operational  Considerations 

To  fulfill  the  requirements  of  a  ruggedized 
standard,  the  following  environmental  design  consi¬ 
derations  were  established. 

The  unit  should  operate  continuously  from  -55°C 
to  +74°C.  All  circuitry  has  been  designed  to  operate 
over  this  temperature  range.  The  design  goal  on 
frequency  offset  over  this  temperature  range  is  less 
than  1  X  10" 1 1 . 

The  standard  should  operate  under  vibration  from 
0  to  55  Hz,  0.  Oi  inches  double  amplitude  displace¬ 
ment  and  55  Hz  to  2000  Hz  at  1G  level.  The 
frequency  offset  should  be  less  than  1  X  10'n. 

The  magnetic  field  susceptability  should  be  less 
than  1  X  10~la  for  magnetic  fields  of  less  than  1  gauss 
uniform  dc  or  1  gauss  peak  ae. 

The  unit  should  withstand  MIL-STD-901C  shock 
and  should  survive  storage  from  -547C  to  +85°C 


for  a  period  of  up  to  two  weeks  with  no  detrimental 
effects. 


Design  Considerations 

The  5062 A/ B  control  system  is  basically  the 
same  as  that  used  in  the  HP  5060A  Cesium  Standard 
and  was  described  in  detail  by  Cutler  and  Bagley  in 
1964. 3 

The  5  MHz  slave  oscillator  uses  a  high  tempera¬ 
ture  bake-out  crystal  to  achieve  low  aging,  good 
retrace  and  fast  warmup.  The  aging  rate  of  less  than 
5  X  10"5°  per  day  and  electronic  control  range  of 
±  1.  5  X  10" 7  provides  a  minimum  of  300  days 
operation  with  no  adjustment  required.  Since  typical 
oscillators  achieve  aging  rates  of  about  1  to 
2  X  10"10  per  day  after  one  to  two  weeks  of 
continuous  operation,  the  oscillator  adjustment 
interval  could  be  extended  to  nearly  four  years. 

The  oscillator  uses  a  single  stage  oven  to  achieve 
a  temperature  coefficient  of  5  X  10-t*  from  SS'C  to 
+74°C.  Fast  warmup  to  2.4  X  10"°  in  fifteen  minutes 
is  achieved  with  an  input  power  of  15  watts. 

Good  spectral  purity  is  achieved  with  low  noise 
feedback  amplifiers  and  a  crystal  filter  with  a  50  Hz 
bandwidth  at  the  output  of  the  oscillator. 

The  oscillator  has  been  vibration  tested  with 
good  results.  No  resonances  were  evident  in  the 
range  from  55  Hz  to  2500  Hz  at  lg  vibration.  The 
oscillator  maintains  spectral  purity  with  vibration 
sidebands  down  -90  dB  at  55  IIz  and  greater  than 
-100  dB  at  frequencies  from  500  Hz  to  2500  Hz. 

The  5-90  MHz  multiplier  supplies  400  mVV  of 
RF  power  to  drive  a  step  recovery  diode.  The  step 
recovery  diode  is  used  to  generate  9180  MHz  and  is 
also  used  as  a  mixer  to  mix  12.63  .  .  .  MHz  to  obtain 
the  cesium  transition  frequency  of  9192.63  .  .  .  MHz. 
The  output  of  the  90  MHz  multiplier  varies  less  than 
±  0.5  dB  from  -55“C  to  +100’C.  This  produces  about 
±  0.  5  dB  variation  in  the  output  of  the  step  recovery 
diode  at  9. 180  GHz. 

The  step  recovery  diode  assembly  is  temperature 
controlled  to  meet  the  wide  operating  temperature 
range. 

The  synthesizer  usee  a  preset  digital  divider  to 
phase  lock  a  VCXO  to  the  5  MHz  signal  from  the 
quartz  oscillator.  A  sampling  phase  lock  loop  is  used 
to  lock  to  a  harmonic  cf  the  frequency  out  of  the 
digital  divider.  The  sampling  sidebands  are  kept 
below  -80  dB. 

Switching  regulators  are  used  exclusively  in 
the  5062A/B  to  maintain  high  efficiency  and  low 
temperature  rise  inside  the  instrument.  The  power 
supplies  consist  of  a  +18  volt  600  mA  main  power 
regulator,  -3500  Vaclon  supply,  -2500  electron 
multiplier  supply,  -18  volt  bias  supply,  +5  volts  at 
500  mA  and  +1  volt  at  2  amps  for  the  hot  wire  ionizer. 
The  overall  power  supply  efficiency  is  about  60%. 
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The  remaining  circuitry  consists  of  a  preamp 
and  tuned  r  mplifier  to  amplify  the  error  signals  from 
the  beam  tube  and  a  reference  oscillator  and  phase 
detector  to  translate  the  ac  error  signal  to  dc.  An 
integrator  with  open  loop  df  jain  of  100,000  is  used  to 
set  the  noise  bandwidth  of  the  servo  loop. 

The  design  goals  require  that  individual 
electronic  effects  contribute  less  Jian  1  X  10" 12  to 
the  frequency  offset  over  the  temperature  range 
to  +74-C. 

The  instrument  has  automatic  lockup  circuitry 
which  prevents  lock  on  a  sidelobe  of  the  Ramsey 
pattern.  The  scheme  utilizes  the  good  retrace  and 
fast  warmup  characteristics  of  the  slave  oscillator. 
The  broad  line  width  of  the  small  tube  (approximately 
1300  Hz)  allows  lock  up  if  the  crystal  oscillator  has 
a  control  range  of  ±  1.4  X  10"7  (1300  Hz  at  9.2  GHz) 
and  will  retrace  to  within  ±  1.4  X  10'7  of  the 
correct  frequency.  The  logic  circuits  detect  the 
presence  of  second  harmonic,  in  phase  fundamental 
or  quadrature  phase  fundamental  of  the  modulation 
signal.  A  proper  locked  condition  is  indicated  by  the 
absence  of  fundamental  and  the  presence  of  second 
harmonic  of  the  modulation  signal.  If  this  condition 
is  not  met,  the  logic  circuit  toggles  the  servo  loop 
open  and  closed  at  a  15  second  rate  until  lockup  is 
achieved.  When  the  oscillator  drifts  to  within 
1.  5  X  10"7  of  the  correct  frequency,  lockup  will 
occur. 

There  are  dual  5  MHz  outputs  with  -80  dB 
isolation  and  -40  dB  distortion.  Variation  of  1  ad  in 
one  output  from  open  to  short  will  cause  less  than 
2  nanoseconds  phase  shift  and  less  than  1%  amplitude 
variation  on  the  other  output. 


Reliability 

The  reliability  of  any  electronics  equipment  is 
directly  related  to  the  number  of  components  contained 
in  the  instrument  and  the  operating  temperature  of  the 
components.  The  5062A/B  contains  95  transistors, 

27  integrated  circuits,  369  resistors,  212  capacitors, 
50  diodes  and  40  inductors  for  a  total  of  793 
components.  This  represent  about  two -thirds  the 
number  of  parts  contained  in  the  HP  5061A  Cesium 
Standard.  Therefore  its  reliability  should  be  even 
greater  than  observed  for  the  5061A  Cesium 
Standard. 

A  theoretical  MTBF  of  14,000  hours  has  been 
calculated  using  HP  corporate  failure  rates  for 
components.  This  compares  with  a  calculated 
failure  rate  of  9300  hours  for  the  HP  5061 A  Cesium 
Standard,  In  actual  practice,  the  5061 A  has 
exhibited  an  MTBF  in  excess  of  18,000  hou-s,  as 
stated  above. 

At  this  point  it  is  impossible  to  give  reliability 
figures  that  are  really  meaningful  for  the  si  lall  cesim 
beam  tube  since  it  has  no  history.  However,  the 
materials  used  and  many  of  the  construction  tech  ■ 
niques  are  the  same  as  those  used  in  the  16"  tube 
presently  used  in  the  HP  5031A  Cesium  Standard. 

The  MTBF  of  that  tube  is  about  150,000  hours  as 


calculated  from  actual  field  data  on  over  100  tubes. 
Such  things  as  flux  into  cesium  getters  do  not  scale 
directly  but  this  has  been  taken  into  account  m  the 
design.  Therefore,  extremely  good  reliability  is 
expected  from  the  small  tube.  It  should  be  noted 
that  the  MTBF  of  more  than  15  years  for  the  present 
16"  tube  indicates  thai  the  majority  of  beam  tube 
failures  will  be  due  to  end-of-life  mechanisms  rather 
than  catastrophic  failure.  This  should  remain  true 
with  the  small  tube. 

The  failure  rates  for  field  use  will  obviously 
be  higher  due  to  the  harsh  environment.  For  example, 
we  would  expect  electronic  failures  to  reduce  the 
calculated  MTBF  to  about  6, 000  hours  in  commercial 
aircraft  application. 

All  electronic  assemblies  exclusive  of  the  quartz 
oscillator,  harmonic  gemrator  and  beam  tube  hav>. 
been  designed  to  operate  continuously  at  105°C  ambient 
temperature.  All  components  are  dissipating  less 
than  75%  of  rated  power  at  105°C,  This  design  margin 
insures  very  reliable  operation  at  temperatures  up 
to  74°C. 

The  temperature  rise  in  the  instrument  at  25°C 
ambient  varies  from  5°C  to  10°C  at  the  hottest  spot. 


Maintenance 

The  package  design  and  extensive  use  of  plug-in 
printed  circuit  boards  makes  troubleshooting  and 
repair  of  the  instrument  very  easy.  Figure  8  shows 
printed  circuit  boards  pulled  out  of  the  front  and  rear 
card  cages.  The  boards  in  these  two  card  cages  plug 
into  mother  boards  shown  in  Figure  9.  The  inter¬ 
connections  between  mother  boards  is  made  with 
conventional  cabling  and  connectors. 

The  forward  portion  of  the  instrument  contains 
the  clock  option,  servo  loop,  logic  and  quartz 
oscillators.  The  center  section  contains  the  beam 
tube  and  frequency  multipliers.  The  rear  section  is 
devoted  to  power  supplies  and  output  amplifiers. 

There  are  a  total  of  twenty -five  test  points 
identified  in  the  instrument  and  brought  to  a  rear  test 
connector  in  the  commercial  airline  package.  A 
troubleshooting  tree  used  with  these  test  points  will 
allow  a  technician  to  isolate  a  faulty  module  and  make 
a  speedy  repair. 


Performance  Tests 

Initial  temperature  testing  of  the  first  prototype 
over  the  temperature  range  -25°C  to  74*0  gave  a 
frequency  shift  of  -2  X  10‘13  at  both  temperature 
extremes.  The  power  required  at  +25°C  was  25  watts 
and  at  -25°C  was  28  watts. 

Warmup  teste  were  conducted  and  a  warmup  time 
of  15  minutes  to  achieve  rated  stability  was  observed. 
The  instrument  requires  120  watts  of  warmup  power 
for  less  than  10  minutes. 
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ac  and  dc  magnetic  field  testing  was  carried  out 
on  the  first  prototypes.  The  instrument  was  placed 
inside  a  Helmholtz  coil  and  subjected  to  a  gauss  rms 
at  60  Kz.  No  offset  was  observed  in  two  planes  to  a 
resolution  of  1  X  10"1 3,  In  the  third  plane  an  offset 
of  4  X  10" 13  per  1  gauss  rms  was  observed. 

The  effect  of  dc  magnetic  field  on  the  field 
independent  line  was  too  small  to  be  easily  measured 
directly.  The  measurement  was  made  by  locking 
the  instrument  on  the  first  magnetic  field  dependent 
line  and  measuring  the  effect  on  the  Zeeman 
transition.  The  largest  shift  observed  in  any 
direction  for  fields  of  5  gauss  was  30  Hz.  For 
Zeeman  offsets  of  80  kHz,  the  effect  on  the  field 
independent  transition  is  about  5  X  10"’ 3 . 

Vibration  testing  has  been  started  and  the 
instrument  passed  a  low  frequency  test  of  0. 01  inches 
double  amplitude  displacement  0  to  65  Hz  in  all 
planes.  A  phase  step  of  less  than  2  nsec  was 
observed  at  about  46  Hz.  Dwelling  at  this  frequency 
produced  no  larger  discontinuities.  No  package 
resonances  were  observed  over  this  frequency 
range. 


Short-Term  Stability 

The  stability  of  frequency  standards  which  are 
perturbed  by  various  spectral  densities  of  noise  has 
been  treated  in  detail  by  Cutler  and  Searle4  and  by 
Allan.11  Figure  10  shows  the  expected  value  of  the 
variance  of  the  frequency  fluctuations  versus 
averaging  time  for  the  5062A/B  Cesium  Standard. 
The  data  for  averaging  times  from  10'4  seconds 
to  00  seconds  were  obtained  with  the  beat  frequency 
measurement  system  described  by  Cutler  and 
Searle.4  The  data  were  analyzed  on  an  N  =  2  basis 
with  a  100  kHz  bandwidth  as  described  by  Allan. 11 
The  data  at  3600  seconds  was  taken  from  continuous 
phase  records  using  the  method  described  by  Allan. 
Each  data  point  represents  100  measurements  of 
sample  size  2. 

The  data  from  10~4  sec  to  90  seconds  wore 
obtained  with  an  HP  53K0A  Computing  Counter  which 
was  programmed  to  calculate  the  value  of  the 
frequency  fluctuations. 

The  frequency  stability  for  averaging  times  less 
tnan  the  closed  loop  time  constant  of  100  msec  is 
determined  by  the  slave  crystal  oscillator.  For 
averaging  times  longer  than  200  msec  the  stability  is 
determined  by  the  cesium  beam  tube  reference.  For 
averaging  times  much  greater  than  the  closed  loop 
time  constant,  the  frequency  stability  averages  with 
a  slope  r~  v  2 .  We  see  that  this  law  is  followed  out 
to  3600  seconds  where  the  fractional  stability  is 
9  X  10-la. 

The  spectral  purity  of  the  5  MHz  output  of  the 
50G2A/B  is  shown  in  Figure  11,  These  spectra  were 
obtained  by  multiplying  a  reference  oscillator  and  the 
50G2A/B  output  up  to  9180  MHz  and  9200  MHz, 
respectively.  These  two  frequencies  were  mixed  and 
the  resulting  20  MHz  difference  frequency  amplified 
and  displayed  on  an  HP  8552A  Spectrum  Analyzer. 


Figure  11(a)  shows  a  noise  floor  of  about  -64  dB 
with  100  Hz  bandwidth  on  the  spectrum  analyzer. 
There  are  no  spurious  signals  above  -60  dB  out  to 
100  kHz  from  the  carrier. 

Figure  11(b)  shows  the  spectrum  out  to  25  kHz 
from  the  carrier  with  100  Hz  bandwidth.  The  same 
noise  floor  is  evident  and  no  spurious  signals  are 
detected  above  -60  dB. 

Figure  11(c)  shows  the  spectrum  out  to  5  kHz 
from  the  carrier  with  50  Hz  bandwidth.  Spurious 
signals  are  down  about  -60  dB.  Taking  into  account 
the  65  dB  multiplying  factor,  spurious  signals  from 
500  Hz  to  100  kHz  from  the  carrier  are  more  than 
-125  dB  down  at  5  MHz. 


Summary 

A  compact  rugged  cesium  standard  suitable 
for  field  and  systems  use  has  been  described.  Data 
has  been  presented  which  shows  performance 
comparable  to  present  commercially  available  cesium 
standards  such  as  the  HP  5061A.  The  major  contri¬ 
bution  of  this  standard  will  be  its  ability  to  satisfy 
these  performance  requirements  under  adverse 
environmental  conditions. 

The  design  of  the  instrument  has  incorporated 
many  cost -saving  and  maintenance-oriented  features 
such  as  plug-in  printed  circuit  boards  aid  numerous 
test  points. 

These  factors,  along  with  the  inherent  long-term 
stability  and  fast  warmup  of  the  cesium  beam  tube, 
should  make  the  5062A/B  an  excellent  candidate  for 
critical  timing  applications. 

A  summary  of  specifications  is  shown  in  Table  II. 


Performance  of  Improved  16"  Tube 
in  5061  Electronics 

Some  performance  tests  have  been  made  on  the 
improved  16"  tube.  The  results  of  some  of  these 
are  contained  in  Table  III. 

The  static  magnetic  field  tests  are  summarized 
in  Figure  3.  An  ac  magnetic  field  test  was  run  wuh 
an  improved  16"  tube  mounted  in  a  modified  set  of 
5061  cesium  standard  electronics.  The  unit  showed 
less  than  1  X  10“12  frequency  change  for  any 
orientation  in  a  2  oersted  peak  60  Hz  field. 

A  few  measurements  were  made  on  frequency 
stability  using  two  instruments  fitted  with  the  im¬ 
proved  tubes.  Averages  of  240  seconds  gave  an  Allan 
Variance  o(2,240  sec)  of  about  4.4  X  10"13  for  each 
standard.  The  tubes  used  both  had  a  figure  of  merit 
of  about  15,  which  would  give  a  predicted  perfor¬ 
mance  of  about  3.7  X  10‘13  for  240  seconds.  Thus 
the  realized  performance  is  close  to  that  predicted. 

It  is  important  to  note  that  an  improvement  by  a 
factor  of  10  in  figure  of  merit  results  m  a  reduction 
of  time  required  to  achieve  a  given  precision  by  a 
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factor  of  100  for  times  greater  than  the  servo  loop 
time  constant. 


Conclusion  and  Acknowledgment 

We  have  described  two  new  cesium  beam  tubes 
and  a  pew  small  cesium  standard.  The  tubes  have 
greatly  improved  performance  as  a  result  of  careful 
beam  optics  design,  multiple  beams,  better  magnetic 
shielding  and  C  field  structures,  and  precision- 
machined  microwave  cavities.  The  new  small 
standard  was  designed  to  be  very  compact,  rugged 
and  reliable,  and  to  operate  and  give  excellent 
performance  in  severe  environment. 

The  authors  are  pleased  to  acknowledge  valuable 
contributions  from  Armin  Baur,  Lee  Bodily,  Jack 
Elmberg,  James  Koch,  Richard  Lacey,  Gary  Seavey, 
Hans  Van  Heyst,  and  Jim  Zellers.  Robert  Kern,  no 
longer  with  Hewlett-Packard,  was  originally  in  charge 
of  the  improved  16"  tube  project  and  made  many 
valuable  and  lasting  contributions  to  its  design.  The 
study  of  multipole  optics  referenced  in  this  paper 
was  supported  by  the  Naval  Ship  Systems  Command, 
Contract  No.  N00024-67-C-1048.  The  support  given 
over  the  years  by  the  Navy,  Air  Force,  and  Army 
to  the  many  useful  studies  on  beam  tubes  and  their 
optics  has  indirectly  benefitted  our  new  tube 
program. 
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TABLE  I 


Material 

Drift 

Length 

Interaction 

Length 

Linewidth 

(Hz) 

Present  16"  Tube 

Monel  (silver  clad) 

4.4" 

0.4" 

550 

Improved  16"  Tube 

Aluminum 

6,  6" 

0.4" 

365 

6"  Tube 

OFHC  Copper 

- 

1.8" 

0.2" 

1300 

VITAL  STATISTICS  OP  IHE  BEAM  TUBE  CAVATIES 
TABLE  II 

5062A/B  Cesium  Standard  Tentative  Specifications 


Accuracy: 

±  2  X  10‘“ 

Reproducibility: 

±  1  x  io-“ 

Long-term  Stability: 

<  ±  1  X  10"1 1  for  life  of  beam  tube 

Short-term  Stability: 

<  5  X  10_0  rms/100  psec 

Beam  Tube  Figure  of  Merit: 

1.5 

Warmup  Time: 

<  15  minutes  from  -15°C 

Output: 

5  MHz  sine  wave.  1  volt  50n 

Harmonic  Distortion: 

<-40  dB 

Non-Harmonic: 

<  -100  dB 

Time  Scale: 

Adjustable  from  Atomic  to  UTC  offsets 
-700  X  10->° 

Environmental: 

Temperature: 

MIL-E-5400H,  Class  1A 

Operating: 

-SS’Cto +7PC  <1X10"“ 

Storage: 

-62^  to  +80°  C 

Humidity: 

957»  ©  SO'C,  <  1  X  10“ 

Altitude: 

n  to  50, 000  feet  <  1  X  10' 13 

Vibration: 

MIL-E-5400L  (Curve  IIA)  <2X10_1 

Shock: 

MIL-STD-901C 

EMI: 

MIL-STD-461 

Magnetic  Field  (static  and  ac): 

0-2  gauss  <  2  X  10" 13 

Power: 

28  watts  22  to  32  volts  ©  25°C 

Size: 

4-7/8"  X  7-5/8"  X  19-9/16" 

16-3/4"  X  5-1/4"  X 16-1/2" 

Weight: 

35  lbs. 
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TABLE  III 


Beam  Tube  Comparison  Using 
Typical  Experimental  Results 


In  Production 

New 

Tube 

Characteristics — 

6120 

(standard  16") 

5083 

(improved  16") 

5084 

Small  Tube 

LENGTH 

16" 

16" 

6.4" 

DIAMETER 

5.6" 

5.6" 

4.2" 

VOLUME 

330  in’* 

330  in3 

95  in3 

WEIGHT 

17  lb. 

23  lb. 

11  lb. 

POWER  (25°C  ambient) 

8  watts 

6  watts 

4  watts 

ACCURACY 

±  2  X  lo-13 

±  2  X  10-13 

±  5  X  10'13 

SHORT-TERM  STABILITY 
(1  sec.  avg. ) 

5X  10'n 

fiX  10'13 

4  X  10'n 

MEASUREMENT  TIME 
FOR  I  X  10'ia 

PRECISION  (lo) 

45  minutes 

1 

36  seconds 

30  minutes 

RELATIVE 

SENSITIVITY  TO 
ACCELERATION 

1 

0.2 

0. 07 

SENSIT1 7ITY  TO 

STATIC  MAGNETIC 

FIELD 

1  X  10' 13  pk-pk 
for  earth's 
field 

1  X  10'13  pk-pk 
for  5  Oe  pk-pk 

5X  10-13  pk-pk 
for  5  Oe  pk-pk 

LIFE  (continuous 
operation) 

4  years 

(5  years)* 

(5  years)* 

(  )*  not  experimentally  verified. 
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Figure  3j  Shielding  performance 
of  the  Improved  16" 
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Summary 

Continuous  self-sustained  oscillation  at 
3035. 73. . .  MHZ  between  the  field-independent  ground 

OC  6 

state  hyperfine  levels  of  Rb,  5  Sjy2  (F=3,  m£=0)  to 
52S  (F=2,  mj=0),  has  been  obtained  in  a  magnet¬ 

ically  unshielded  optically  pumped  maser  frequency 
standard. 

Operation  of  the  maser  is  analyzed  in  terms  of 
power  output,  the  oscillation  parameter  and  the  pump¬ 
ing  rate. 

Light  shifts  due  to  both  real  and  virtual  trans¬ 
itions  are  analyzed. 

*  *  * 

At  3035.  73. . .  MHz  continuous  self-sustained  os¬ 
cillation  between  the  field-independent  ground-state 

hyperfine  levels  of  8  Rb,  5  Sl/2  (F=3,  m.=0)  to 

2  * 

5  S^j  (F=2,  mj=0),  has  been  obtained  in  a  mag¬ 
netically  unshielded  optically  pumped  maser. 

The  maser  oscillator  described  here  operates 
on  the  field-independent  transition  in  fields  as  high  as 
0. 8  G  with  inhomogeneities  of  up  to  0. 2  G.  This 
relative  insensitivity  to  magnetic  disturbances  to¬ 
gether  with  an  observed  power  output  of  8x10  "10  W 
gives  this  maser  oscillator  good  short-term  fre¬ 
quency  characteristics.  Simple  estimates  indicate 
a  stability  of  better  than  1  part  in  10  J  for  aver¬ 
aging  times  between  1. 0  and  0.  01  sec.  Measure- 

85 

ments  of  the  relativo  phase  stability  of  the  Rb 

maser  are  underway  and  will  be  reported  later. 

85 

Tho  Rb  maser  will  be  limited  ir.  its  long-term 
stability  by  cavity  pulling,  changes  in  the  pump'ng 
lamp  profile,  as  well  as  chemical  changes  in  the 
buffor  gas  due  to  outgassing.  However,  several 
schemes  have  boen  proposed  to  solve  those  problems. 

2 

A  large  population  inversion  between  the  5  S ^y2 

(F=3,  ro£=0)  and  52S^2  (F=2,  mj=0)  levels  of 
88Rb  can  be  efficiently  obtained  by  intensity  pump¬ 
ing.  Intensity  pumping  is  possible  because  of  the 


fortuitous  conincidence  of  certain  hyperfine  tran- 
85  87 

sitions  in  the  Rb-  Rb  system.  A  1  1/4-in, -diam. 

85 

resonance  lamp  containing  99.  85%  pure  Rb  and 

1. 8  Torr  of  argon  is  excited  by  a  20-MHz  rf  dis- 
85 

charge.  The  Rb  resonance  radiation,  containing 

both  the  52Si/2  F=3  -  52P  and  52S1/2  F=2-52P 

resonance  lines,  is  passed  through  a  filter  cell 
87 

filled  with  Rb  at  80  *C  helium  at  a  pressure  of  70 
Torr.  With  sufficient  buffer  gas  pressure  broad- 
ening  and  shifting,  the  5  Sjy2  F=2  -  5  P  *Rb 
absorption  line  can  be  made  to  almost  completely 

absorb  the  unv'anted  52S,  ,,  F=3-52P  88Rb 
1/£*  85 

emission  line  normally  present  in  the  Rb  reson¬ 
ance  lamp  Since  the  filtered  resonance  radiation 

2  2 

predominately  contains  the  5  S  ^2  F=2  -  5  P 

resonance  line,  it  causes  overpopulation  in  the 

2  85 

upper  5  S  j^2  F=3  level  in  the,  ensemble  of  Rb 

atoms.  In  the  steady  state,  assuming  that  the 
2  85 

5  S  F=2  Rb  level  is  completely  depopulated, 

each  5  S  . F=3  magnetic  substate  has  a  relative 
1  87  2 

population  density  of  y.  In  Rb,  the  5  S  ^2  F=2 

level  has  five  magnetic  sublevels.  Hence  the  number 

85  5 

of  atoms  available  for  maser  action  in  Rb  is  » 

87 

of  those  available  in  Rb  under  similar  conditions. 
85 

The  pumped  Rb  is  contained  in  a  vacuum-tight 
TEq21  microwave  cavity  resonant  at  3035.  73. . .  MHz 
and  filled  with  nitrogen  gas  at  a  pressure  of  8  Torr. 

The  nitrogen  buffer  gas  reduces  the  collision 
85 

frequency  of  the  aligned  Rb  atoms  with  the  walls, 
and  quenches  reradiation  from  the  upper  P  states. 
The  cavity  is  made  of  copper-plated  305  non¬ 
magnetic  stainless  steel.  Pumping  light  is  admitted 
through  Pyrex  windows  sealed  to  the  ends  of  the 
cavity  with  nonmagnetic  stainless-steel  house¬ 
keeper  seals.  The  light  enters  the  cavity  region 
through  perforated  end  walls.  Tuning  is  accom¬ 
plished  over  a  2-MHz  range  by  a  tuning  stub.  A 
movable  microwave  loop  provides  proper  coupling 
to  the  desired  mode  After  evacuation,  25  mg  of 
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85 

Rb  metal  (99.  85%  pure)  are  introduced  into  the 

cavity  and  settle  in  a  pool  on  *he  bottom  of  the  cavity. 
85 

Very  severe  Rb  density  gradients  appear  initially 

85 

and  inhibit  operation  of  the  maser  until  the  Rb  is 
uniformly  distributed  throughout  the  cavity.  This 
is  accomplished  by  heating  the  cavity  locally  until 
the  metal  is  dispersed  throughout  Ibe  cavity  and 

uniformly  coats  the  walls.  After  proper  mixing 
85 

with  the  buffer  gas  the  3Rb  density  gradients  disappear. 

The  unloaded  cavity  Q  is  85  000  and  is  high 
enough  to  permit  oscillation  with  a  relatively  small 
cavity-filling  factor  and  pumping  light  intensity. 

In  addition  to  the  high  cavity  Q,  the  large  cavity 
3  3 

volume  (9  x  10  cm  )  permits  high  power  output  for 
low  vapor  densities  and  facilitates  the  study  of 
various  relaxation  processes  within  the  vapor. 

The  maser  is  operated  at  50  *C  and  is  stabil¬ 
ized  to  within  0.014C  by  a  simple  temperature  control 
system.  The  nitrogen  buffer  gas  pressure  is  not 
critical  and  the  maser  has  been  operated  over  a 
range  of  pressures  from  6  to  12  Torr  with  little 
change  in  output  power.  Insufficient  light  intensity 
was  available  to  quench  oscillation.  The  maser 
oscillates  over  a  2: 1  range  of  light  intensity  and  the 
corresponding  change  in  frequency  (light  shift)  is  10Hz 


The  maser  output  is  detected  with  a  standard 
30  MHz,  i.f.  microwave  superheterodyne  receiver. 
Figure  1  shows  the  maser  signal  at  the  output  of  the 
i.f.  strip  during  cw  operation.  Figure  2  shows  the 
maser  output  at  the  same  point  when  the  pumping 
light  is  turned  on  and  off.  At  t=Tl  the  light  is  turned 
on  and  the  maser  signal  rises  exponentially  from 
the  noise  level  until  cw  operation  begins.  At  t=T2 
the  pumping  light  is  shut  off.  At  first  the  maser  output 
increases  because  the  disorienting  effect  of  the 
pumping  light  is  removed.  This  lasts  for  a  few 
milliseconds  before  the  output  decays  exponentially 
to  zero 


It  is  extremely  useful  to  describe  the  opera¬ 
tion  of  the  maser  as  function  of  lamp  pumping  rate, 
relaxation  times,  temperature,  filling  factor,  and 
cavit;  Q.  P^  is  designated  the  oscillation  parameter 

because  it  has  an  upper  limit  for  which  oscillations 

P 

are  not  possible.  By  requiring  >  0  it  is  found 

“ni 

that  for  self-sustained  oscillations  occur  when  : 


where  p  =1  Nhvr 
rm  j  m 

r  =  Yj/Vj 


r»-  =  r  / y , 

m  m  l 


T'  = 


r  '  = 

m 


r/  y* 

j 

Y  j  ft  /  4mtQ|  p/q 


Q  -  Cavity  Q 


i  * 


filling  factor 
85 

Rb  density^ 


N  =  total  number,  of  atoms 
Vc  =  Volume  of  cavity 
v  =  cavity  resonance  frequency 
p  =  Bohr  Magneton 


For  low  temperatures  r*45*C  where  spin  exchange 
relaxation  is  low,  r  >  1.  At  higher  operating  temp¬ 
eratures  r,  70  *C  it  is  found  that  r  »  1  because  Bpin 
exchange  becomes  a  dominant  relaxation  mechanism. 
The  oscillation  parameter  as  a  function  of  pumping 
rate  is  shown  in  Figure  3  for  the  case  r  =  1. 


In  order  to  obtain  oscillation  it  can  be  seen  from 

the  equations  for  the  oscillation  parameter  P^  that 

there  are  certain  constraints  on  the  power  output, 

cavity  Q,  filling  factor  and  operating  temperature  of 
85 

the  Rb  maser.  For  example,  a  maser  using  a  high 
mode,  high  Q  cavity  will  not  oscillate  at  high 
temperatures  because  of  the  absorption  of  the  pumping 
light  in  the  first  few  centimeters  of  the  cavity.  On 
the  other  hand  a  maser  using  a  lower  mode,  lower 
Q  cavity  will  only  oscillate  at  higher  temperatures 
where  the  higher  ®^Rb  density  compensates  for  the 
low  Q.  Table  i  lists  the  minimum  value  of  the 
oscillation  parameter  required  for  oscillation  for 
various  values  of  r  =  y2/Yj- 

TABLE  i 

Minimum  Value  of  the  Oscillation  Parameter 
Required  for  Oscillation. 


P 

m 


P  (1  +  P) 


2  P  V  +  7r)  P6  +  (6  +  19r)  P  +  12r 


P 

m 


r  =  Y2/Y! 


0.035  1 
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0.025  2 

0,020  3 

0.015  4 


Note  that  at  lower  temperatures,  where  r  >  1. 
the  oscillation  condition  becomes  harder  to  realize. 

Figure  3  shows  the  quenching  of  oscillation  due 
to  too  large  a  pumping  rate  P,  In  the  present  maser 
the  light  intensity  was  insufficient  to  quench  oscill¬ 
ation.  However  the  experimental  data  shown  in 
Figure  4  shows  that  enough  light  was  present  to 
cause  saturation  of  the  power. 

One  of  the  sources  of  phase  instability  in  the 
85Rb  maser  is  the  shift  in  the  ground  state  hyper  - 
fine  frequency  due  to  changes  in  the  pumping  light 
flux  and  filtered  lamp  profile.  Arditi  and  Carver  (1) 
presented  the  first  experimental  evidence  of  such 
shifts  for  the  field  independent  transitions  of  Cs 
and  87Rb.  Barrat  and  Cohen-Tannoudji  (2)  pres¬ 
ented  a  theoretical  analysis  of  optical  pumping  which 
included  a  discussion  of  these  shifts.  They  pointed 
out  that  the  light  shifts  in  the  hyperfine  transition 
frequency  can  be  caused  by  both  real  and  virtual 
transitions.  The  frequency  shifts  due  to  real 
transitions  are  caused  by  a  transfer  of  coherence 
from  the  ground  state  to  the  excited  state  to  the 
ground  state  the  coherence  can  again  bo  re-trans¬ 
ferred  back  to  the  ground  state.  However  because 

the  -xcited  state  hyperfine  splitting  is  about  1 /100th 

85 

of  the  ground  state  hyperfine  splitting  in  Rb  there 
is  no  appreciable  ground  state  frequency  shift  due 
to  real  transitions. 

The  shifts  duo  to  real  transitions  are  of  the 
order  of : 

m,  <  rv  <z) 

avreal  Zn  (v^  -  Vfi  ) 

where  T  is  the  pumping  rate  in  Hz 

y  is  the  rate  of  spontaneous  decay  from  the 
excited  state. 

v  is  the  excited  state  hyperfine  splitting. 

0 

Vj  is  the  ground  state  hyperfine  splitting. 
Hence,  for  a  pumping  rate  of  60  Hz 
Avreol<0.3Hz 

The  main  contribution  of  the  observed  light 
shift  is  due  to  virtual  transitions.  Such  light 
shifts  have  been  analyzed  by  Happer  et  ml.  (3  l<4). 


and  are  shown  to  be  equivalent  to  a  Stark  shift 
caused  by  the  electric  field  of  the  pumping  light. 

The  electric  field  of  the  light  polarizes  the  atomic 
vapor  according  to  P  «  a  E  where  a  is  the  atomic 
polarizability  and  E  is  the  electric  field  strength  of 
the  pumping  light.  The  energy  of  the  interaction  of 

the  electric  field  of  the  pumping  light  with  the 

2 

induced  polarization  is  on  the  order  of  a  E  .  For  a 

2 

typical  pumping  light  flux  of  100  p  watts /  cm  this 
interaction  causes  a  frequency  shift  of  the  order  of 
30  Hz.  Of  course  in  this  order  of  magnitude 
approximation  the  actual  spectral  profile  of  the  light 
has  been  disregarded. 

Following  Happer  (4)  a  'light'  shift  operator  for 
unpolarized  light  is  defined  as 

6E  =  6Eq  +  h6A  I'-J  +  6E2  (3) 

The  term  6Eo  causes  an  equal  displacement  in 
all  the  ground  state  hyperfine  levels  and  hence  does 
not  cause  a  net  difference  in  the  hyperfine  frequency. 
On  the  other  hand  the  term  h6A  1*  J  causes  frequency 
shifts  for  IF  »  1  transitions  and  is  of  interest  here. 
The  shift  6v  can  be  written  as  t 

6v  =  £  6A  (2!  +  1)  =  £  6hfB(v)tp  vdv  (4) 

Figures  5  and  6  shown  6^  vs.  frequency  dis¬ 
placement  for  both  the  and  resonance  lines 
as  a  function  of  temperature  for  y  =  0  . 

The  term  fiE^  in  Eq,  (3)  is  equivalent  to  a  Stark 
shift  caused  by  the  interaction  of  the  atom  with  the 
electric  field  of  the  light.  It  is  commonly  referred 
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to  as  the  "tensor"  light  shift.  In  Rb  the  first 
excited  state  structure  is  well  resolved  and  compar¬ 
able  to  the  Doppler  width  of  the  absorption  line.  It 
is  for  this  reason  that  the  tensor  shift  cannot  be 
ignored.  Following  Happer  et  al.  (3,4)  the  tensor 
light  shift  operator  for  the  field  independent  transition 
in  85Rb  gives 

(5) 

h6vt=  <3,0|6E2|  3,0  >  -  <2,0|6E2l2,0> 

Eq.  (10.  6)  can  be  rewritten  as 

6vt=E02j^  62(v)cp(v)dv  (6) 

Figures  7  and  8  show  6,  (v)  vs.  frequency  die- 
“  85 

placement  for  both  the  and  D2  Rb  resonance 
lines  for  y  =  0 

In  order  to  evaluate  and  6v^  from  Figures 
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7  and  8  it  is  essential  to  know  the  spectral  profiles 
and  absolute  intensities  of  the  pumping  lamps.  In 
accordance  with  the  previous  assumption  of  com¬ 
plete  filtering  of  the  unwanted  lamp  component  and 
an  additional  assumption  that  the  filter  cell  does 
not  alter  the  spectral  profile  significantly  it  is 
possible  to  make  realistic  approximations  of  the 
lamp  profile  in  order  to  facilitate  evaluation  of  the 
light  shifts.  Although  the  spectral  profile  of  the 
lamps  are  known  measurements  of  the_ absolute 
spectral  intensities  is  difficult.  Instead  the  total 
integrated  lamp  flux  w as  measured  with  an  Eppley 
thermopile. 

Thus 

tPobs  =  T2  <P  (v)  dv  (7) 

V1 

where  and  v2  are  the  cut  off  frequencies  of  the 
particular  interference  filter  used.  Using  the  known 
spectral  profile,  it  was  assumed  that  the  resonance 
lines  were  about  50  mK  wide.  Hence  cp  (v)  was 
approximated  by  a  rectangle  50  mK  wide  whose 
height  was  determined  by  Eq.  (7).  Using  this 
approximation,  the  light  shift  was  evaluated  acc¬ 
ording  to  Eq.  (4)  as,  a  function  of  light  intensity. 

The  results  are  shown  in  Figure  9.  The  contribution 
of  the  tensor  light  shift  to  the  total  light  shift  is  about 
10%  for  the  D,  line  and  about  1. 0%  for  the  D,  line. 
Figure  9  also  shows  the  measured  light  shift  using 
both  the  Dj  and  D,  linet  to  pump  the  maser. 
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Since  the  Rb  pumping  lamp  profile  almost 
85 

overlaps  the  Rb  absorption  line  in  the  maser,  the 

light  shifts  predicted  by  the  theory  for  low  light 

fluxes  are  small.  However  if  natural  rubidium  is 

used  as  a  resonance  lamp  the  lamp  profile  would 

be  asymmetric  and  strongly  dependent  on  the  filter 

cell  temperature.  Hence  for  a  natural  rubidium 

lamp  the  light  shifts  would  be  larger  and  more 

sensitive  to  filter  cell  temperature  than  for  a 
85 

Rb  resonance  lamp. 

Since  the  light  causes  shifts  of  ca  20  Hz  for  a 

change  of  100%  light  intensity,  the  lamp  intensity 

4 

must  be  stable  to  1  part  in  10  to  achieve  a  maser 
stability  of  1  part  in  10^.  This  lamp  stability 
is  obtainable  especially  in  the  short  term. 
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Fig.  i  Cw  m&aor  signal  a*  obaerved 
the  output  of  the  i.f.  atrip.  The  time  scale 
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Summary 

A  prototype  small  size  rubidium  frequency  source 
has  been  produced,  which  provides  a  warm  up  tine  of 
less  than  “>  minutes  and  overall  sh'-t  or.d  long  tern 
frequency  stability  of  better  than  1  part  in  10^,  which 
lies  between  the  values  achieved  in  commercial  crystal 
sources  and  atomic  standards. 

The  new  rubidium  source  uses  the  some  principles 
as  a  high  grade  atomic  standard,  but  the  less  stringent 
specification  in  terms  of  frequency  stability  has  led 
to  a  completely  new  design  approach.  The  resulting 
simplification  has  allowed  an  experimental  model  to  be 
built  in  a  volume  of  just  over  100  in^. 

The  use  of  a  miniature  absorption  cell  containing 
natural  rubidium  enclosed  by  a  single  proportionally 
controlled  oven  is  described.  No  separate  rubidium 
filter  cell  is  used,  and  the  absorption  cell  is  directly 
irradiated  with  microwave  power  without  the  need  for  a 
waveguide  cavity  to  enclose  the  cell.  The  microwave 
power  is  obt-.ined  by  harmonic  generation  from  a  crystal 
oscillator.  These  features  allow  the  small  size  and 
rapid  warm-up.  Sufficient  magnetic  shielding  is 
provided  by  using  mu-metal  for  the  equipment  case. 

Integral  output  frequencies  are  provided  by  a 
synthesizer,  a  unique  feature  of  which  is  the  facility 
of  giving  small  incremental  frequency  changes  to  adjust 
for  the  tolerance  in  the  manufacture  of  the  absorption 
cells. 

Introduction 

A  requirement  for  a  high  precision  frequency 
source  exists  in  a  considerable  number  of  communication 
systems,  both  military  and  civil.  This  precision  is 
often  net  by  the  use  of  a  crystal  frequency  standard 
which  can  provide  excellent  short-term  stability  but 
suffers  from  long-term  drift  due  to  the  inevitable 
ageing  of  the  crystal.  If  the  crystal  is  continuously 
maintained  at  a  constant  temperature,  it  is  possible  to 
produce  a  crystal  frequency  standard  which,  after  an 
initial  running-in  period,  maintains  a  stability  of 
better  than  1  part  in  10?  over  one  year.  Such  a 
frequency  standard  is  bulky  and  must,  of  course,  never 
be  switched  off. 

When  it  is  necessary  to  achieve  a  frequency 
precision  better  than  that  which  can  be  provided  by  a 
crystal  frequency  standard,  an  atomic  frequency 
standard  must  be  employed.  Over  the  past  fifteen 
years  several  different  types  have  been  developed,  the 
most  precise  of  which  is  capable  of  giving  a  long-term 
stability  of  better  than  1  part  in  10*2.  Even  the 
least  accurate  and  most  competitive  atomic  frequency 
standard  (rubidium  vapour)  gives  a  precision  of  better 
than  1  part  in  10*0  over  a  year.  It  is,  however, 
considerably  more  bulky  and  expensive  than  a  precision 
crystal  frequency  standard.  There  are  likely  to  be 


many  applications  where  a  performance  intermediate 
between  those  provided  by  available  crystal  and  rubidium 
frequency  standard  is  adequate. 

Investigations  were  therefore  carried  out  to 
determine  the  feasibility  of  producing  a  simplified 
rubidium  frequency  source  to  compete  with  existing 
crystal  frequency  standards.  Such  a  source  would  need 
to  have  better  long-term  stability,  a  smaller  size,  and 
a  rapid  warm-up  time.  As  a  result  a  prototype  model 
has  been  built  with  a  long-term  stability  of  better  than 
1  part  in  10®,  in  a  volume  of  a  xittle  over  100in3,  and 
with  a  warm-up  time  of  less  than  5  minutes. 

Rubidium  Frequency  Standards 

Commercially  available  rubidium  frequency  standards 
use  a  spectral  lamp  containing  Rb  87,  a  filter  cell 
containing  Rb  85  and  an  absorption  cel]  containing  Rb  87 
together  with  a  non-magnetic  buffer  gas.  This  gives 
high  efficiency  optical  pumping  and  a  narrow  resonance 
line*!2.  Because  of  the  small  amount  of  microwave 
power  available  the  absorption  cell  is  contained  in  an 
Hoi  waveguide  cavity  tuned  to  the  db  resonance 
frequency.  The  cavity  has  to  hove  holes  or  slots  to 
allow  the  passage  of  light  through  it,  and  its  size 
which  is  governed  by  the  frequency  determines  the  size 
of  the  absorption  cell.  The  thermal  capacity  of  the 
cavity  and  two  cells  sets  a  lower  limit  on  the  warm-up 
time  and  places  restrictions  on  the  oven  design. 

To  maintain  the  high  order  of  frequency  precision 
which  the  standard  is  capable  of  providing,  very  careful 
attention  has  to  be  paid  to  the  three  parameters  which 
have  an  effect  on  the  resonance  frequency. 

1.  Temperature.  Double  proportionally  controlled 
ovens  are  required  for  both  the  optical  assembly  and  the 
crystal  oscillator  to  maintain  the  temperature  constant 
to  within  about  0.1°C.  Because  of  the  temperature 
dependence  of  the  buffer  gas  filling,  o  precise  mixture 
of  gases  having  opposite  temperature  coefficients  is 
normally  used,  adding  to  the  manufacturing  complexity. 

2.  Light  Intensity.  A  light  intensity  monitor 
and  intensity  control  are  desirable  to  minimize 
frequency  shifts. 

3.  Magnetic  Field.  Triple  mu-metal  shielding  is 
required  to  keep  variations  due  to  external  fields 
within  specification. 

Simplified  Rubidium  Frequency  Source 

A  new  design  approach  was  adopted  in  the  develop¬ 
ment  of  the  simplified  rubidium  source.  Thi3  was 
possible  for  two  reasons,  first,  the  reduced 
specification  meant  that  variations  in  temperature, 
magnetic  field  and  light  intensity  posed  less  severe 
problems,  and  secondly,  technology  had  advanced 
sufficiently  to  enable  much  of  the  circuitry  to  be 
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miniaturised  to  a  considerable  extent. 

Figure  1  is  a  block  diagram  of  the  simplified 
rubidium  source.  It  will  be  seen  that  the  basic 
principles  of  a  high  grade  standard  are  still  U3ed. 

The  various  parts  of  the  source  are  now  considered  in 
detail. 

Optical  System 

The  advances  in  microwave  techniques  referred  to 
later  have  made  it  possible  to  dispense  with  the  use  of 
a  microwave  tuned  cavity,  so  allowing  a  reduction  in 
the  size  of  the  absorption  cell,  and  this,  in  turn,  has 
led  to  other  simplifications. 

Experiments  have  been  carried  out  using  natural 
rubidium  (73  per  cent  Rb  85,  27  per  cent  Rb  Sj)  in  the 
absorption  cell3.  We  have  found  that  a  good  resonance 
signal  can  be  obtained  without  the  need  for  a  separate 
filter  cell.  The  resonance  curve  is  shovn  in  F.gure  2 
from  which  it  will  be  noted  that  the  width  of  the  eu*ve 
is  about  2kHz  measured  between  points  of  maximum  slope. 
This  increased  width  is  in  fact  a  desirable  feature  in 
the  simplified  system  as  will  be  seen  later;  it  results 
from  the  use  of  natural  rubidium  which  itself 
considerably  eases  the  problems  in  manufacturing  phe 
calls . 

A  large  resonance  signal  is  obtained  even  with  the 
relatively  inefficient  optical  pumping  occurring  with 
natural  rubidium  because  a  high  light  intensity  i3  used. 
This  high  intensity  occurs  for  three  reasons:  (a)  there 
is  no  filter  cell;  (b)  the  absorption  cell  has  a  small- 
cross-sectional  area  and;  (c)  the  light  does  not  have 
to  poes  through  a  perforated  cavity  wall. 

The  rubidium  spectral  source  consists  of  a  small 
glass  bulb  about  10mm  in  diameter  containing  natural 
rubidium  together  with  krypton  as  a  starter  gas.  The 
bulb  is  supported  by  a  coil  which  carries  an  r.f. 
current  at  a  frequency  of  around  100MHz. 

The  light  transmitted  through  the  cell  is  focussed 
onto  a  photodiode  operating  in  the  reverse-biased  mode 
rather  than  the  more  usual  photovoltaic  mode.  It  has 
been  found  that  this  gives  a  considerable  improvement 
in  the  detected  signal-to-noise  ratio. 

Temperature  Control 

The  cell  assembly  is  maintained  at  a  temperature 
of  approximately  70°C  by  enclosing  it  in  a  single 
proportionally  controlled  oven.  As  mentioned 
previously  it  has  been  the  practice  to  use  a  mixture  of 
buffer  gases  to  obtain  a  nearly  zero  temperature 
coefficient  of  resonance  frequency.  However,  it  was 
found  that  with  the  high  light  intensity  the 
temperature  coefficient  for  the  nitrogen  buffer  gas 
used  became  negative  rather  than  positive  as  quoted  in 
the  literature.1*  It  was  therefore  inferred  that  there 
would  be  a  value  of  light  intensity  for  which  the 
temperature  coefficient  was  zero.  Curves  such  as  those 
of  Figure  3  were  plotted  from  test  measurements  and  it 
can  be  seen  that  there  is,  for  any  given  light  intensity, 
a  temperature  range  of  five  degrees  centigrade  over 
which  frequency  stability  better  than  5  parts  in  1010 
can  be  attained.  A  neutral  density  filter  can  be 
included  to  permit  adjustment  of  the  light  intensity. 

As  the  frequency  stability  specification  has  been 
limited  to  1  part  in  108  a  single  oven  gives  sufficient 
control. 

Magnetic  Shielding 

The  magnetic  field  dependence  of  the  rubidium  resonance 
is  given  by  the  expression: 


f  =  f0  +  BH2  hence  «f  =  2BH 
dH 

where  f  is  the  resonance  frequency  in  a  field  of  H  gauss 
f0  is  the  zero  field  frequency  and  B  is  a  constant 
(B  ■=  570  for  Rb  87). 

It  is  seen  that  the  change  in  frequency  occurring 
when  the  magnetic  field  varies  is  proportional  to  the 
value  of  the  static  field.  Thus  the  value  of  magnetic 
field  used  for  Zeeman  splitting  determines  the  extent 
of  shielding  needed  against  external  fields.  In  the 
simplified  standard  a  field  of  a  few  milli-gauss  is 
provided  by  a  permanent  magnet  and  a  single  mu-metal 
screen  is  adequate  to  guard  against  external  field 
variations  of  up  to  ten  gauss,  without  giving  a 
frequency  change  of  greater  than  a  few  parts  in  10-'. 

For  simplicity,  the  case  containing  the  rubidium  source 
is  made  of  mu-metal  to  provide  the  screen.  For  test 
purposes  fine  tuning  con  be  achieved  by  rotating  the 
permanent  magnet. 

Microwave  Source 

Efficient  high  order  frequency  multiplication  has 
become  possible  with  the  advent  of  the  step  recovery 
diode,  and  it  is  now  possible  to  produce  in  a  single 
stage  of  multiplication,  sufficient  power  at  6.83k  GHz 
to  observe  the  rubidium  resonance,  without  the  need  for 
the  Q  magnification  of  a  cavity.  In  the  case  the 
crystal-oscillator  frequency  has  to  be  an  exact  sub- 
harmonic  of  the  rubidium  resonance  frequency  and  a 
method  of  frequency  synthesis  involving  mixing  cannot 
be  used.  The  use  of  a  Plessey  digital  synthesizer  has 
resulted  in  the  adoption  of  a  step  recovery  diode 
multiplier  in  a  very  simple  microwave  source.  The 
complete  microwave  source  consists  of  a  crystal 
oscillator  at  89.03  MHz,  an  amplifier  providing  500mW 
and  finally  a  step  recovery  diode  giving  multiplication 
by  a  factor  of  76  to  produce  about  0.5mW  at  6.83k  GHz. 
The  rubidium  cell  is  irradiated  vith  the  microwave 
power  using  a  "cheese"  reflector. 

Automatic  Frequency  Control  (AFC) 

The  method  or  obtaining  an  AFC  signal  is  similar  to 
that  used  in  existing  standards.  As  the  resonance 
curve  is  now  8kHz  wide  it  has  been  found  that  a  locking 
signal  can  occur  when  the  microwave  frequency  is  10kHz 
off  resonance.  This  means  that  a  crystal  stability  no 
better  than  1  part  in  10°  is  required  and  this  is 
achieved  with  a  crystal  oscillator  incorporating  a 
simple  temperature  compensation  circuit. 

The  crystal  oscillator  is  frequency  modulated  by 
the  signal  from  a  79Hz  oscillator.  The  output  from  the 
photodetector  is  fed  into  on  amplifier  tuned  to  79Hz 
in  order  to  remove  the  large  second  harmonic  of  this 
frequency  which  occurs  at  or  near  resonance.  This 
tuned  amplifier  is  of  the  well-known  active  filter  type 
using  integrated  circuit  operational  omplifiers.  To 
avoid  problems  due  to  relative  frequency  drift  the  79Hs 
oscillator  uses  an  identical  circuit,  **ith  the  addition 
of  a  feed-back  loop.  The  output  of  the  tuned  amplifier 
is  fed  to  the  phase-sensitive  detector  which  uses  an 
output  from  the  79Hz  oscillator  as  a  phase  reference. 

The  output  from  the  phase-sensitive  detector  is  used  to 
control  the  frequency  of  the  crystal  oscillator  by  means 
of  varactor  diode  tuning.  The  overall  AFC  loop  gain  is 
about  1000  which  gives  adequate  correction  of  the  open 
loop  crystal  frequency. 

Frequency  Synthesizer 

The  output  from  the  89.93  MHz  crystal  oscillator  is 
stabilized  to  the  rubidium  reference,  but  is  at  an 
inconvenient  frequency  for  most  applications  and  is 
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frequency  modulated.  A  synthesizer  is  employed  to 
derive  standard  outputs  at  5  MHz,  1  MHz  and  100kHz. 

The  basic  synthesizer  consists  of  a  5  MHz  crystal 
oscillator,  two  digital  divider  chains  and  a  phase 
comparator,  the  output  from  which  effectively  phase 
locks  the  5  MHz  to  the  rubidium-derived  frequency. 

Figure  b  is  a  block  diagram  of  the  synthesizer. 

A  conventional  phase-locking  method  is  modified  by  the 
addition  of  the  divider  ?,  together  with  the  "lose  a 
pulse"  (LAP)  circuit.  This  circuit  inhibits  one 
pulse  at  frequency  fp  every  time  it  is  triggered  by  an 
output  pulse  from  the  divider  P. 

Without  the  LAP  circuit: 


The  expression  is  modified  by  the  LAP  to: 
f0«HPfR 
MP+1 

If  suitable  values  are  chosen  for  the  divider 
ratios  M,  H,  P,  changing  P  by  1  digit  enables  the 
frequency  fR  to  be  changed  by  any  desired  fractional 
increment. 

If  for  instance  it  is  desired  to  change  the 
frequency  in  steps  of  1  part  in  109  by  changing  P  in 
steps  of  1,  then  it  can  be  shown  that  P2M  must  be  equal 
to  109. 

A  further  consideration  of  the  synthesis  shows  that 

Tr 

the  "lose  a  pulse"  occurs  at  a  frequency  which 

appears  on  the  output  oscillator  as  frequency  modulation 
To  reduce  its  effect  a  filter  is  included  in  the  phase- 
lock  loop  and  with  a  loop  cut-off  frequency  of  1Hz,  the 
"lose  a  pulse"  frequency  must  not  be  less  than  l6llz  to 
keep  the  frequency  deviation  to  less  than  1  part  in  10°. 
This  gives  a  further  constraint,  PM<7xlo5.  The  filter 
also  effectively  removes  the  79Hz  frequency  modulation. 

Several  compromises  hod  to  be  made  and  from  a 
computer  calculation  the  following  values  were  finally 
selected: 

M  =  6b3,  N  =  286,  P  =  985 

These  values  correspond  with  a  rubidium  coll 
having  a  nominal  resonance  frequency  of  6.83b696ll2  GHz 
The  "lose  a  pulse"  frequency  is  17.7  Hz.  The  increments 
of  adjustment  are  about  1.6  parts  in  109. 

The  prototype  model  includes  a  facility  for 
varying  the  divider  ratio,  P,  between  886  and  106b  by 
means  of  two  decade  switches.  This  gives  an  overall 
adjustment  in  frequency  of  approximately  300  parts  in 
10*,  allowing  considerable  tolerance  in  manufacture  of 
the  absorption  cells. 

Power  Supply 


Measurements  have  been  made  under  laboratory 
conditions  when  it  was  found  that  a  stability  of  better 
than  1  part  in  10°  both  short  and  long  term  could  be 
maintained  over  long  periods.  The  wara-up  time  for 
thi3  stability  is  less  than  5  minutes  as  shown  in 
Figure  6,  the  replica  of  the  output  from  a  chart 
recorder. 

CONCLUSIONS 

The  prototype  model  described  has  not  yet  undergone 
any  stringent  environmental  testing,  but  the  design  aims 
of  demonstrating  the  feasibility  of  a  small  simplified 
rubidium  frequency  source  with  fast  warm-up  have  been 
achieved. 
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frequency  syntheeizer. 

The  authors  are  grateful  to  the  directors  of  the 
Plessey  Company  Limited  for  permission  to  publish  this 
paper. 
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The  whole  equipment  is  capable  of  operating  Troa  a 
2bV  d.c.  supply  or  from  a  mains  power  unit  about  the 
same  size  as  the  frequency  source.  During  warm  up  36w 
is  needed,  reducing  to  about  12W  during  operation. 

Performance 


Figure  5  is  a  photograph  of  the  complete  prototype 
rubidium  source.  The  synthesizer  (converter)  is  at 
present  in  a  separate  unit  but  could  of  course  be 
packaged  with  the  source  itself,  increasing  the  volume 
by  perhaps  ten  per  cent.  Further  possible  refinements 
are  a  lock  indicator  together  with  a  monitor  of  the  loop 
feedback  signal,  which  gives  a  measure  of  frequency 
deviation. 
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SCHEMATIC  OF  RUBIDIUM  FREQUENCY  SOURCE 
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DISCUSSION  OF  CAVITY  PULLING 
IN  PASSIVE  FREQUENCY  STANDARDS 
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Section  d'Orsay  du  Laboratoire  do  l'Horloge  Atomique 
BStiment  221  -  Faculld  des  Sciences 
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Summary 


We  calculate  the  cavity  pulling  factors  of 
passive  frequency  standards,  taking  into  account  the 
modification  of  the  applied  electromagnetic  field  by,  the 
atomic  radiation.  The  calculation  is  therefore  valid  for 
all  values  of  the  gain  of  the  atomic  medium  and  gives, 
in  particular,  the  cavity  pulling  factor  when  the  oscil¬ 
lation  threshold  is  approached.  The  effect  of  satura¬ 
tion  of  the  line  by  the  field  is  included. 

Two  expressions  of  the  cavity  pulling  fac¬ 
tor  arc  derived.  One  applies  when  the  electromagnetic 
field  level  in  the  cavity  is  measured,  and  the  other 
when  the  population  of  the  atomic  levels  is  analyzed. 
Consequences  of  these  results  are  discussed. 

An  experimental  verification  of  the  theo¬ 
retical  results  is  given,  when  the  resonance  of  the  field 
level  in  a  hydrogen  maser  cavity  is  monitored,  in  con¬ 
ditions  wherethe  oscillation  threshold  is  approached. 


1.  Introduction 

In  frequency  standards,  the  effects  of  cavity 
mistu-nings  are  well  known  in  two  extreme  cases. 

The  first  one  corresponds,  for  instance,  to 
the  cesium  beam  tube  conditions  of  operation.  There, 
the  modification  of  the  cavity  power  levol  by  the  inter¬ 
action  between  the  atoms  and  the  high  frequency  ma¬ 
gnetic  field  is  extremely  small.  The  frequency  shift  of 
the  transition  probability  is  .hen  about  (Qc/Q^)S  times 
the  cavity  mistuming  *,  where  Qc  and  Q^  are  the  quali¬ 
ty  factors  of  the  cavity  and  the  atomic  lines  respecti¬ 
vely. 


Active  frequency  standards  are  concerned 
with  the  second  case  where  the  gain  of  the  atomic  (or 
molecular)  medium  can  be  made  so  high  that  the  ato¬ 
mic  radiation  sustains  the  cavity  power  level.  Tho 
shift  in  the  oscillation  frequency  is  then  Qc/Q  times 
the  cavity  mistuming  8  ' 


There  are  now  experiments  made  with  pas¬ 
sive  quantum  devices  in  the  intermediate  case  where 
the  gain  of  the  atomic  (or  molecular)  medium  is  no 
longer  extremely  small.  This  circumstance  can  be  met 
in  the  following  examples  : 

-  the  ammonia  rubidium  ,  or  hydro¬ 
gen  8  masers  when  operated  as  ampli¬ 
fiers,  for  spectroscopic  measurements. 

-  the  hydrogen  storage  beam  technique 
proposed  by  H.  Hellwig 

-  the  investigation  of  saturated  absorption 


of  molecular  species  using  an  absorbing  cell 
inside  the  optical  cavity  8. 

We  here  consider  in  more  details  the  influence 
of  cavity  mistu/nings  in  this  intermediate  case,  giving 
also  the  limit  of  validity  of  the  (Qc/Q^)3  law. 

2.  Definition  of  cavity  pulling  factors 
in  passive  frequency  standards 

In  passive  frequency  standards,  the  (angular) 
frequency  u)  of  the  top  of  the  atomic  or  moleculgr  tran¬ 
sition  feature  is  shifted  by  a  cavity  mistiming  .  This 
offset  is  characterized  by  a  pulling  factor  P,  defined 
by  :  1 

P  =  (ui  -  u>  )/(«u  - w)  (1) 

where  u>0  is  the  (angular)  frequency  of  the  atomic  or 
molecular  transition  j  uu  -  ua  is  the  frequency  offset 
of  the  cavity,  which  can  be,  in  practice,  approxima¬ 
ted  by  U)c  -  U)Q  in  frequency  standards. 

Two  methods  of 'investigating  the  quantum  re¬ 
sonance  are  currently  used,  giving  rise  to  different 
pulling  factors, 

a)  the  amplitude  of  the  cavity  electromagnetic 
field  is  measured  while  a  maser  is  opera¬ 
ted  as  a  spectrometer,  or,  the  intensity  of 
the  E.M.  field  transmitted  by  the  absorbing 
cell  is  detected  in  existing  optical  frequency 
standards. 

The  corresponding  pulling  factor  will  then  be 
labelled  as 

b)  The  population  of  one  of  the  two  quantum 
levels  involved  in  the  transition  is  measured 
by  the  atomic  or  molecular  beam  magnetic 
resonance  methods  applied  in  the  cesium 
beam  tube  as  well  as  in  the  hydrogen  sto¬ 
rage  beam  tube.  In  a  passive  rubidium  maser 
tho  population  difference  of  the  two  levels  can 
be  monitored  by  means  of  transmission  of 
the  pumping  light  through  the  cell. 

The  pulling  factor  will  then  be  labelled  as 

PPop* 

3.  The  model  for  the  calculation  of  pulling 
factors 

In  atomic  and  molecular  frequency  standards, 
the  transition  generally  occurs  inside  a  cavity,  at  least 
in  the  microwave  domain. 


a  other  sources  of  frequency  offset  are  not  considered 
here 
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3,  1  -  The  atomic  medium 

We  assume  that  the  atomic  (or  molecular) 
resonance  line  in  a  lorentzian  line.  This  hypothesis 
is  a  very  good  approximation  for  the  Hydrogen  and  the 
Rubidium  masers  9<5>10i  ^  leads  to  simple  expres¬ 
sions  of  pulling  factors  which  can  be  used  as  yard¬ 
sticks  to  evaluate  pulling  factors  for  other  shapes  of 
the  resonance  curves. 


The  macroscopic  behaviour  of  the  atomic 
medium  can  then  be  described  by  two  equations  9  . 

The  first  stands  for  the  induced  magnetization,  and  the 
second  one  for  the  saturation  of  the  resonance  line  : 

M*1  +|-  Mi  +wo3Mi  =2M3u>oHi  (2) 

•  H1  *1 

T.  M  +  M,  =  -  2  T  — - - +  M  (3) 

13  3  1  u)  o 

o 


Mi  is  the  induced  magnetization  parame¬ 
ter.  It  is  defined  as  the  value  of  the  magnetic  dipole 
momentum  of  the  whole  set  of  interacting  atoms,  divi¬ 
ded  by  the  Bohr  magneton  tig,  Mj  is  dimensionless. 

Mj  is  the  total  population  difference  bet¬ 
ween  the  two  involved  quantum  levels.  M0  is  its  equi¬ 
librium  value,  in  the  absence  of  the  high  frequency 
magnetic  field  perturbation. 


Hj  is  the  driving  magnetic  field  parameter. 
It  is  defined  as  the  mean  value  of  the  cavity  H.F.  ma¬ 
gnetic  field,  multiplied  by  .  It  is  expressed  in 

frequency  units. 

U)0  is  the  (angular)  transition  frequency. 

Tj  is  the  longitudinal  relaxation  time. 

T2  is  the  transversal  relaxation  time.  It  is  related  to 
the  Q-fac'Or  of  the  atomi^line  by  : 

T.,  =  2  —  (4) 

/  III  '  ' 


3.  2  -  The  microwave  cavity 


The  precession  of  the  induced  magnetiza¬ 
tion  excites  the  useful  cavity  mode.  In  passive  frequen¬ 
cy  standards,  the  cavity  is  also  driven  by  an  external 
generator  in  order  to  interrogate  the  atomic  transition. 
It  can  then  be  shown  that  the  cavity  H.  F.  field  is  a 
solution  of  the  following  equation  ®  : 


*• 


«  • 


U) 


H1  +7  H1  +u,c  H1  =KM1  -Zt  He  (5) 

c  c 

u»c  is  the  cavity  resonance  frequency. 

Tc  is  the  cavity  time  constant,  related  to  the  cavity 

Q-Factor  by  :  Q 

T  =  2  — 
c  U) 

c 


He  is  the  H.  F.  field  source  parameter  re¬ 
presenting  the  external  generator  signal.  It  gives  a 
cavity  response  Hj  =  H^  when  the  cavity  is  free  of 
atoms,  and  when  the  excitation  frequency  w  equals  isc. 

K  is  a  constant  defining  the  coupling  bet¬ 
ween  the  atomic  medium  and  the  cavity  H.F.  field. 

It  depends  on  the  filling  factor,  and  atomic  constants. 
For  the  hydrogen  maser  : 

K  =  4n  ri  taB2/^.  Vc  (7) 


where  n  is  the  filling  factor,  as  defined  in  the  refe- 

O  11 

rences  3  and  ,  pB  the  Bohr  magneton  and  Vc  the 
cavity  volume. 


3.  3  -  Useful  relations 
Mj  by 


We  introduce  the  time  variations  of  H  ,  H, , 

e  I 


H  =  p  sinwt 
e  1 


'8) 


Hj  =  b  cos  (urt  +  tp) 

.  Mj  =  m  sin  (urt  +  (r) 

For  c.w.  operation,  we  get  the  following 
useful  relatiorsfrom  the  atomic-medium  equations 

-  amplitude  of  the  induced  magnetic  momen¬ 


tum 


M 


T2  b  cos  9 


o  1 + TjT2 


cos'*  0 


(9) 


with 


population  difference  : 

M,  =  M  /(I  +  T,T,bsco830)  (10) 
3  O  \  c, 


0  =<P  -  * 

(cosa0  =  [1  +  T2a  (coq  -  u>)aJ~  1 


(H) 


The  equation  (5)  describing  the  H.F.  field 
leads  to  two  relations  which  are 

b  =  KQc  m  cob  0  +  p  cos  tp  (12) 

T(uu  -  is)  b  =  K  Q  m  sin  0  +  p  sin  tp  (1 3) 

c  c  c 

They  can  be  transformed,  with  the  expres¬ 
sion  (9)  of  the  induced  magnetic  momentum  amplitude 
into  : 

T  sin  0  cos  0 

b  flin<P  ■  TC<V®}  *  ®cMo  1  +Tj  T2b4  cos* 7  (14) 


Z 

b 


costp  =  1 


T2  cos2  0 

K  Qc  Mo  1  +  Tj  T2  b2  cos2 0 


(15) 


4.  High  frequency  field  amplitude 

The  cavity  high  frequency  field  amplitude  b 
results  from  the  superposition  of  the  cavity  response 
to  the  H.F.  field  source  associated  with  the  external 
generator,  and  to  the  atomic  radiation. 

Eliminating  the  angle  <p  in  equations  (14)  and 
(15),  it  comes  : 

(£)2  =  1  +  T  s(u)  -  u>)2  +  (r~^)3  cos2  0 

V  c  c  IfS  (16) 

'  2  77s  CO8S0  [*  •TcT2(“c-“)(“0-“)J 

with 

S  =  TjT2ba  cos2 0  (17) 

a  =  KQ  M  T,  (18) 

c  o  c 

The  ratio  b/p  i»  the  gain  of  the  atomic  medium 
defined  as  the  ratio  of  the  actual  H.F.  amplitude,  to  the 
H.F.  field  amplitude  existing  as  long  as  the  cavity  is 
free  of  atoms.  , 

G  =  b/P  (19) 

The  gain  G  can  be  directly  measured  by  pro¬ 
bing  the  H.F.  field  amplitudes  with  a  second  coupling 
loop,  i.c.,  by  operating  the  maser  as  an  amplifier 
by  transmission 
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S  is  the  saturation  factor  of  the  line 
a  is  a  positive  number  while  the  cavity  is 
fed  with  an  excess  of  atoms  in  the  upper  quantum  level. 
It  is  negative  in  the  inverse  case.  Its  physical  meaning 
can  be  derived  by  looking  at  the  gain  of  the  atomic 
medium  in  conditions  where  tu  =  tu  =  tu  .  We  get,  from 
equation  (16)  :  ,  ,  „ 

G(«,  =  «,c  =  u.o)=TTg^-  (20) 

and 


G(tu  =  tu  =iu  ;  S  =  0)  =  — 
'  c  o  1 


1 


(21) 


The  gain  of  the  unsaturated  line  becomes 
infinity  for  a  =  1,  corresponding  to  oscillation  thres¬ 
hold. 

We  note  that  the  general  expression  (16) 
describes  also  the  power  level  of  the  synchronized 


maser  above  oscillation  threshold 


12 


5.  Pulling  factor  for  the  amplitude  of  the  H.F. 
field 

The  derivation  of  (16)  allows  to  find  the 
excitation  angular  frequency  tu  giving  rise  to  the 
extremum  value  of  b  (or  b3  as  well),  the  amplitude  of 
the  H.F.  field  in  the  cavity.  For  small  cavity  mistu- 
mings  we  obtain  : 


(0  -  U) 

m  o 


'  Field 


U)  -  ID 
c  m 


=  Q 


<Qc+TT?Q4 


>/QI' 


1+S<QC  +  Z 


-t-1 

1  +SJ 


ct3(l  -S) 
(1+S)3 


(22) 


JSJ 

1  +s 


When  this  relation  is  fulfilled,  and  w  =  ui  = 
u>  ,  the  fractional  cavity  power  variation,  due  to  atomic 
radiation  (or  absorption)  is  : 


AE 

P 


■  l(p)S 


-  1 


a)  First  case 


2d 
1  +S 


l  Q. 


(24) 


This  corresponds  to  a  very  low  rate  of 
replenishing  the  population  difference  in 
the  Interaction  region.  For  instance,  in 
the  regular  hydrogen  maser,  with  Q  = 
3x10“*  and  Q  =  10^,  the  atomic  flux 
must  be  smaller  than  3x10"  ®  1  ,  ,  I  , 
being  the  flux  at  oscillation  threshold, 
for  the  condition  a  <  Q  /Q,  to  be  ful¬ 
filled.  C  1 

Indeed,  the  separation  between  the  two 
domains  take  place  in  conditions  for 
below  oscillation  threshold. . 


Equation  (22)  reduces  then  to  : 

P  =  ,2s.)*  0+si8 

field  'Q.  1  2a-, 

^  |  »  Q 

b)  Second,  case  :  »  — — 

1  TO 

This  applies  in  conditions  where  a  maser  is 
used  as  a  spectrometer,  with  a  convenient 
value  of  signal  to  noise  ratio.  V/e  get  : 

Qc  (1  +  S)a 


Pfield 
For  Sn  0  : 


2  -  a  +  S  (2  +a) 

Q 


PFi«U<S”°l-Q: 


1 

2  -  a 


(26) 


(27) 

Q 


At  oscillation  threshold  :  P_.  ,  ,(Sa,0)  =  ~r— 

Field  Q 

V 

Figure  1  shows  the  variation  of  P_.  as  a  function  of 
°  „  Field 

a,  for  S  =  0. 

6.  Pulling  factor  for  the  population 

Evaluation  of  P  needs  as  intermediate  cal¬ 
culations  those  performijei^o  obtain  P_.  ...  We  call 
<!>'  the  excitation  frequency  for  which  the  difference 
of^opulation,  as  well  as  the  population  of  a  given  level, 
reaches  its  extremum  value. 


or  small  cavity  mistumings,  we  get 


pop  tu 


The  complete  expression  is  given  in  the  appendix. 

Discussion  of  the  result 

This  result  is  valid  whatever  the  value  of  the 
ratio  Q  /Q  is.  But  infrequency  standards,  we  are  con¬ 
cerned  witli  the  condition  Q^/Q^  «  1,  which  will  be  as¬ 
sumed  in  the  following. 

Also,  the  maximum  value  of  S  is  of  the  or¬ 
der  of  unity  to  avoid  excessive  line  broadening  by  sa¬ 
turation. 

Two  asymptotic  cases  have  then  to  be  con¬ 
sidered.  They  are  separated  by  a  oreak  corresponding 
to  the  following  condition  : 

Q 

r1  <»> 


Tir* '  Q.|Q,  *  tt?  °/°A  *7T?  <y 

m 

(28) 

The  complete  expression  is  given  in  the  appendix. 

Discussion  of  the  result  q 

As  above,  we  assume  that  is  much  smaller 
than  unity,  and  that  the  saturation  ^  factor  is  not 
too  large.  The  same  asymptotic  conditions  have  to  be 
considered.  The  break  is  defined  by  equation  (23)  and 
then,  the  cavity  power  variation  is  given  by  equation 
(24). 

Jol 


a)  First  case 


This  corresponds  to  the  conditions  of  opera¬ 
tion  of  a  cesium  beam  tube  where  the  pul¬ 
ling  factor  is  very  poor,  the  atomic  flux 
rather  low,  and  the  interaction  time  short. 

We  get  from  equation  (28)  : 

Pnnn  "  ^  ^ 

pop 

This  is  the  well  known  cavity  pulling  factor 
of  the  cesium-tube  -like  frequency  standards, 
which  can  be  more  simply  derived  by  assu¬ 
ming  that  the  atomic  radiation  does  net  con¬ 
tribute  to  the  cavity  power.  Our  analys.s 
shows  that  the  limit  of  validity  of  relation 
(29)  is  given  by  relatioi^(24). 

b)  Second  case  :  »  ~~ 

Then,  the  pulling  factor  is  as  follows  : 

Ppop  =  5^"  7+S  <30> 

Figure  2  shows  the  asymptotic  variation  of  the  pulling 
factor  Ppopl  as  s  function  of  a,  for  S  ta  0,  It  then  varies 

x  For  a  vanishingly  small,  P..  . .  is  infinity.  This  means 


that  the  cavity  becing  free  of  atoms,  tu  =  ui 

m  c 
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from  (Q  /Q  )3  to  Q  /Q,  at  oscillation  threshold,  where 
it  reaches  the  characteristic  value  of  the  active  fre¬ 
quency  standards  pulling  factor. 

Let  us  compare  pulling  factors  of  the  oscil¬ 
lating  hydrogen  maser,  and  the  hydrogen  storage  beam 
tube  ' . 

For  the  regular  hydrogen  maser,  with 
Qcl  =  3  x  104  and  =  10^,  the  pulling  factor  is  P  = 

3  x  10'®.  The  atomic  flux  for  oscillation  threshold  is 
then  about  1 0*®  atoms,  s'^. 

Operating  the  hydrogen  storage  beam  tube 
with  the  same  atomic  flux,  and  Q  _  =  10®,  we  have 
a  =  3  x  10'®  »  Q  ./Q  .  The  puxfmg  factor  is  then 
given  by  oquationc(30).  Assuming  S  =  0,  we  get  P  = 

3  x  10.  In  this  example,  the  pulling  factor  is  ^ 0 ^ 
then  three  orders  of  magnitude  smaller  than  for  the 
regular  hydrogen  maser.[(Qcl/Qc2)3  =  lO^Thu  would 
only  require  a  rough  thermal  control  of  the  cavity. 

7.  Comparison  of  pulling  factors 

For  given  values  of  Q^,  Q  and  a,  assuming 
S  =  0,  we  can  see  that,  in  passive  frequency  standards 

P„.  u  >  P  (31) 

Field  pop  '  ' 

except  for  the  limiting  case  a  =  1  where  P_.  =  P 

b  Field  pop 

This  shows,  in  this  rbspect,  the  superio¬ 
rity  of  methods  of  resonance  frequency  measurements 
based  on  the  observation  of  level  population  as  being 
less  sensitive  to  cavity  mistaking. 


equals  48  700. 

8.  2  -  Pulling  factor  of  the  unsaturated  line 

At  first,  the  validity  of  the  equation  (16)has 
been  verified  by  recording  the  line,  for  ui  -  uj  ,  and 
(w  -  ui  )/2n  =  4.5  KHz,  the  condition  S  »  0 'being  expe¬ 
rimentally  fulfilled.  It  has  been  compared  with  com¬ 
puted  values  of  b/p  using  the  experimentally  determi¬ 
ned  values  of  a  and  T,.  Figure  5  shows  that  the  agre¬ 
ement  between  the  calculated  and  the  recorded  curves 
is  very  good. 

Then,  for  given  values  of  a,  the  frequen-.y 
shift  of  the  top  of  the  line  has  been  measured  fo.‘  se¬ 
veral  values  of  cavity  detuning,  at  low  excitation  level 
(S  0).  Figure  6  shows  the  agreement  between  the 

measured  and  the  calculated  value  of  P _ _ .. 

Field 

8.3-  Pulling  factor  of  the  saturated  line 

The  saturation  factor  can  be  determined  from 
equation  (20)  by  comparing  the  actual  maser  gain  to 
the  gain  obtained  for  S  «  0(at  very  low  level  of  exci' t- 
tion).This  determination  is  illustrated  on  figure  7. 

For  a  fixed  value  of  a,  the  pulling  factor  has 
been  measured  for  several  values  of  S.  Again  the  ex¬ 
perimental  points  fit  the  theoretical  curve  (figure  8). 

9.  Conclusion 

Pulling  factors  have  been  calculated  for  the 
two  ways  of  measuring  an  atomic  (or  molecular)  reso¬ 
nance  frequency  in  existing  passive  frequency  standards. 


8.  Experimental  results 

We  have  experimentally  verified  the  expres¬ 
sion  (26)  of  F’pjj.jji  below  oscillation  threshold  of  a 
regular  hydrogen  maser,  for  0. 1  <  a  <  1.  (The  parame¬ 
ter  a  is  proportional  to  the  atomic  beam  flux  if  Tj  and 
T^  are  constants).  It  is  then  possible  to  record  hyper- 
fine  resonance  curves  with  a  very  good  signal  to  noise 
ratio,  using  an  I.F.  bandwidth  of  50  Hz,  and  a  detector 
time  constant  of  1  s. 

The  experimental  set-up  is  shown  in  figure 
3.  The  maser  is  used  as  an  amplifier  by  transmission  : 
one  coupling  loop  is  used  to  fed  the  external  excita¬ 
tion  to  the  cavity,  and  the  other  to  probe  the  H.  F. 
magnetic  field  amplitude  in  the  cavity  through. a  multi¬ 
heterodyne  receiver  followed  by  a  linear  detector. 

The  resonance  line  is  obtained  by  swee¬ 
ping  the  frequency  of  the  xtal  oscillator  driving  the 
generator. 

8.  1  -  MeasuremePtof  a  and  Q. 

- - - - £ 

For  a  given  value  of  the  atomic  flux,  the 
values  of  a  and  are  directly  measured  on  the  recor¬ 
ded  line.  For  S  small  enough,  the  value  of  a  is  obtai¬ 
ned  from  equation  (21)  as  illustrated  in  figure  4. 

The  value  of  Q  is  related  to  the  linewidth 
Aui,  measured  at  half  height  of  the  line  (above  the  pe¬ 
destal  corresponding  to  the  atom-free  cavity),  by  the 
following  expression  which  can  bo  derived  from  equa¬ 
tion  (16):  Q  3 

T2a  (Ate)3  =  (2  y^)3  (Ai»)3  =  i|TJ^  -  1  for  S  =  0  (32) 

T,  ft  roughly  constant  for  the  experimental 
values  of  a.  Wo  obtain  T-  =  0,140  s.  and  Q  =  6.25  xlO8 


Results  apply  in  all  conditions  which  can  be 
met  in  these  standards,  and  the  validity  of  known  par¬ 
tial  results  have  been  quantitatively  precised. 

Results  are  valid  strictly  for  lorcntzian  lines. 
Work  is  in  progress  to  cover  other  possibilities. 

1  0.  Appendix 

10-  1  -  Frequency  of  the  extremum  value  of  the  H.F. 
field  amplitude 

This  frequency  is  a  solution  of  the  following 
equation  : 

a’T.’fit  -  w)  cos4e  ■  ■■  ~  Si 

2  0  0  +s)3 

'  a[TcT>c  *  ■> +  TcT2(u,o  -  ">]  C°s30  T  +  S 

-  2a  T23(wo  -  w)  cos40  [l  -  T^^c  -  u,)(u.q  -  «)] 

-  7  3  (wc  -  w)  =  0  (33) 

Two  solutions  may  be  found  for  large  enough  detuning. 

10-2-  Frequency  of  the  extremum  value  of  the  po¬ 
pulation 

This  frequency  is  a  solution  of  the  equation  : 

TcK-w)[rc  +  lTsT2 

+  T2(tuo  -  u>)  T,  cos3  0  +  T,,  [l  +  T>c  -  u>)3 
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Figure  captions 

1.  Asymptotic  variation  of  Ppigm*  as  a  function  of  a, 
for  S  =  0  (logarithmic  scafesT 

2.  Asymptotic  variation  of  P  ,  as  a  function  of  a,  for 
S  ?  0  (logarithmic  scales)P°P 

3.  Experimental  Set-up 

4.  Measurement  of  a  -  Definition  of  Au) 

5.  Comparison  between  recorded  and  computed  lines 

6.  Pulling  factor,  vs  a.  The  full  line  is  the  theoretical 
curve 

7.  Measurement  of  S 

8.  Pulling  factor  vs  saturation  factor.  The  full  line  is 
the  theoretical  curve 
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Fij.7_  Maaiuraiunt  of  S 
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Summary 


One  of  the  limiting  factors  which  restrict  the 
hydrogen  maser  to  the  role  of  a  secondary  frequency 
standard  is  the  uncertainty  in  the  experimental  deter¬ 
mination  of  the  wall  shift.  This  paper  describes  a 
series  of  experiments  carried  out  at  the  National 
Research  Council  of  Canada,  using  two  hydrogen  masers, 
to  investigate  the  wall  shift  of  five  spherical  storage 
bulbs  of  different  diameters,  each  coated  by  the  same 
technique  wich  FEP  Teflon  from  the  same  batch.  The 
theoretically  predicted  inverse  relationship  between 
wall  shift  and  bulb  diameter  was  found  to  hold  experi¬ 
mentally  with  very  small  point  scatter  for  all  five 
bulbs.  Results  showing  the  dependence  of  wall  shift  on 
bulb  diameter  and  the  variation  of  wall  shift  with  tem¬ 
perature  from  23*C  to  35*0  are  given.  Measurements  made 
on  che  largest  storage  bulb  at  the  beginning  and  end  of 
the  series  of  experiments  allow  some  estimate  to  be  made 
of  the  stability  of  the.  wall  shift  over  a  period  of 
several  months.  Measurements  indicating  a  change  iu 
wall  shift  of  not  more  than  2  parts  in  101 5  over  a 
period  of  seven  months  for  a  storage  bulb  transported 
between  Japan  and  Canada  arc  also  discussed. 

Comparison  of  the  frequency  of  one  of  che  masers 
with  that  of  the  NRC  primary  cesium  beam  frequency 
standard  (Cs  III)  has  given  a  value  of  the  unperturbed 
hydrogen  hyperfine  transition  frequency  of 
1  420  405  751.770  i  0.003  Hz,  which  is  in  satisfactory 
agreement  with  the  most  recent  determinations  by  other 
workers. 


In  the  last  few  years  much  effort  has  been  expend¬ 
ed  in  various  laboratories  on  the  accurate  evaluation 
of  the  frequency  shift  arising  from  the  effect  of  the 
confining  walls  of  the  storage  bulb  in  the  hydrogen 
maser.  Despite  this  work,  uncertainties  in  the  deter¬ 
mination  of  the  wall  shift  still  limit  the  hydrogen 
maser  to  the  role  of  a  secondary  frequency  standard. 

The  reduction  or  elimination  of  this  uncertainty  is 
necessary  before  the  maser  can  be  used  as  a  primary 
standard  of  frequency.  A  number  of  techniques  have  been 
proposed  and  tested  for  reducing  this  uncertainty. 

These  include  the  use  of  a  very  large  storage  bulb  with 
correspondingly  reduced  wall  shift, 3  the  use  of  a  de¬ 
formable  bulb,  and  the  use  of  a  bulb  coated  with  PTFE 
and  operated  at  a  temperature  of  about  S0*C  at  which  the 
wall  shift  is  zero.3  Howeve: ,  the  method  of  determining 
wall  shift  by  using  a  msaber  of  storage  bulbs  of  differ¬ 
ent  diameters,  coated  by  the  same  technique  with 
material  from  the  same  batch,  still  appears  to  offer 
certain  advantages.  This  melhod  obviates  difficulties 
concerned  with  the  large  physical  dimensions  and  the 
auxiliary  amplifiers  necessary  with  the  large  storage 
bulb  maser,  the  mechanical  instabilities  associated  with 
the  deformable  bulb,  and  problems  associated  with  the 
relatively  high  tempernture  operation  of  the  zero  wall 
shift  maser.  Also,  despite  the  extended  extrapola¬ 
tion  that  is  required  this  method  can  still  constitute 


an  accurate  method  of  determining  the  wall  shift  correc¬ 
tion.  Recently,  Essen^  has  described  a  method  using 
bulbs  with  two  different  coating  materials  to  reduce  the 
extrapolation  error  further. 

Measurement  of  wall  shift 

At  the  National  Research  Council  of  Canada  two 
hydrogen  masers  have  been  in  operation  since  1967.5 
These  have  been  used  as  stable  reference  oscillators  in 
the  evaluation  of  the  NRC  long  beam  primary  cesium 
standard  Cs  III  and  also  have  been  examined  as  possible 
primary  frequency  standards.  This  paper  describes  a 
series  of  measurements  of  the  wall  shift  of  five  storage 
bulbs  of  different  diameters,  each  of  which  was  coated 
by  the  same  technique.  Both  maaers  were  employed,  one 
of  them  (H2)  being  used  as  a  stable  reference.  This 
maser  employed  a  storage  bulb  16.1  cm  in  diameter  coated 
with  FEP  Teflon,  and  with  a  removable  5  mm  diameter 
solid  Teflon  plug  in  the  top  of  the  bulb.  The  Teflon 
plug  had  been  employed  to  aid  in  alignment  oi  the  maser. 
The  other  maser,  HI,  which  is  essentially  identical  in 
construction  to  H2  and  originally  used  a  storage  bulb  of 
the  same  type,  was  fitced  with  a  series  of  5  spherical 
storage  bulbs,  all  coated  ulth  the  same  batch  of  FEP  120 
Teflon  dispersion  and  using  the  same  coating  end  curing 
techniques  for  all  the  bulbs.  The  bulbs  ranged  in 
diameter  from  9.8  to  16.2  cm  and  in  each  bulb  the  en¬ 
trance  hole  consisted  of  a  simple  aperture  approximately 
2  mm  in  diameter.  No  solid  Teflon  parts  were  used  In 
these  bulbs. 

Each  bulb  was  chemically  cleaned  with  nitric  acid 
and  Chen  coated  with  a  diluted  dispersion  of  Du  Pont 
FEP  120  Teflon.  Since  differences  in  properties  may 
•occur  from  one  batch  to  another,  it  should  be  noted  that 
this  material  was  purchased  in  1965.  The  dispersion  was 
allowed  to  dry  on  the  surface  of  the  bulb  which  was 
warmed  externally  while  dry  nitrogen  was  passed  in 
through  the  entrance  hole.  The  bulb  was  then  put  in  a 
furnace  anti  heated  to  360°C  and  maintained  at  this  tem¬ 
perature  for  20  minutes  with  a  continuous  slow  flow  of 
air  entering  the  bulb.  It  was  found  necessary  to  use 
either  three  or  four  layers  of  Teflon  in  each  bulb  in 
order  to  obtain  complete  coverage  of  the  surface  without 
pinholes.  Each  bulb  was  Installed  in  maser  HI  a  few 
days  after  it  had  been  coated. 

The  cavities  of  both  the  masers  were  temperature 
controlled  at  28.8’C.  In  the  experiments,  maser  HI  was 
tuned  by  means  of  spin-exchange  linewidth  broadening, 
using  H2  as  the  stable  reference,  and  then  H2  was  tuned 
using  HI  as  reference.  From  the  beat  frequency  between 
the  masers,  after  correction  for  magnetic  field  offsets, 
second-order  Doppler  shifts  and  the  small  cavity  tuning 
corrections  determined  for  each  maser,  the  difference  in 
the  wall  shifts  (if  -  if  _)  was  determined.  Here  if  „ 

V|  V2  U2 

is  the  fixed  wall  shift  of  the  bulb  in  maser  H2  and  i ftf( 

refers  to  the  wall  shift  of  the  bulbs  used  in  maser  HI. 
For  each  storage  bulb  used  in  HI  seven  or  eight  in- 
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Table  I 

Relative  wall  shift  of  bulbs  at  28.8°C 


Bulb 

Diameter 

(cm) 

Inverse 

diameter 

(cm-1) 

No.  of 
Teflon 
layers 

Date  of 
measurement 

No.  of 
tunings 

Relative  wall  3hlft 

Sf  -  6f 

Wl  W2 

(mHz) 

B 

16.27 

0.0615 

4 

/April-May  1970 
\Feb.  1971 

B 

+  6.06  ±  0.25 
+  6.03  ±  0.07 

C 

14.02 

0.0713 

3 

June-July  1970 

8 

2.45  t  0.25 

D 

12.59 

0.0794 

3 

July  1970 

7 

-  1.53  *  0.09 

E 

10.84 

0.0923 

4 

Sept.  1970 

8 

-  7.62  ±  0.38 

F 

9.78 

0.1022 

4 

Nov. -Dec.  1970 

8 

-  11.52  i  0.23 

dependent  tunings  of  the  masers  were  carried  out  to 
obtain  (6f  -  <5f„).  The  results  are  shotm  In  table  I, 

w  1  W2 

together  with  the  standard  deviations  from  the  mean. 

The  approximate  formula®  for  the  wall  shift  Is 

{£w»  --ir[I  +  a<t  -  *«>] 

where  D  is  the  bulb  diameter,  t  is  the  bulb  temperature 
and  the  parameters  K  and  a  are  defined  at  the  reference 
temperature  tt.  Therefore,  If  values  of  (6f  -  5f  ), 

determined  at  a  constant  temperature,  arc  plotted 
against  A,  both  K  and  6£^  can  be  determined.  Experi¬ 
mentally,  as  shown  In  fig.  1,  the  dependence  of  the  wall 
shift  difference  on  Inverse  bulb  diameter  la  linear  with 
all  five  points  lying  close  to  the  straight  line.  A 
weighted  least-squares  fit  to  the  data  gave  K  »  -436  t 
14  mHz  cm  at  28.8‘C,  and  6fuj  «  -33.0  i  1.2  mHz. 

To  compare  this  value  of  K  with  values  found  by 
other  workers  at  different  reference  temperatures,  it 
was  ncccsaary  to  determine  the  temperature  coefficient 
of  the  wall  shift.  The  relative  wall  shift  of  bulb  B 
was  determined  at  28.8*C  and  34.8<IC,  and  that  for  bulb 
P  was  determined  at  23. CC,  28. 8*0  and  34.8°C,  the 
latter  being  the  upper  temperature  limit  attainable  with 
the  present  oven  design.  From  the  data  the  temperature 
coefficient,  a,  was  found  to  be  (-9  i  1)  x  10-,,C”'  at 
28.8“C. 

If  K(t|)  and  a(t])  are  the  values  of  K  and  a 
determined  at  a  reference  temperature  tj,  and  (t2)  and 
a(t2)  are  those  determined  at  another  reference  ’emper- 
ature  t2,  then  It  can  be  shown  from  the  wall  shii t 


formula  given  above  that 

K(t2>  «  K(t,)  [l  +  a(t,Wt2  -  t  ] 

flnd  a(t2)  ■ 

A  reference  temperature  of  40*C  Is  often  used  as  a  basis 
for  comparing  wall  shift  results.  Therefore,  from  the 
present  measurements,  If  tt  Is  taken  as  28.8’C  and  t2 
as  40“C,  it  is  found  that  K  »  390  t  18  mHz  cm  and 
a  »  (-10  t  1)  x  10-5*C-1  at  40'C.  These  are  compared 
with  other  values  given  In  the  literature  for  FEP  Teflon 
at  40*C  in  table  II.  The  results  from  the  present  work 
arc  In  closer  agreement  with  those  of  Zltzcwltz  ct  al 
than  with  those  of  several  other  vorkers.  It  seems  that 
the  values  obtained  are  dependent  on  the  actual  batch 
of  Teflon  dispersion  used. 

The  presence  of  the  solid  Teflon  plug  in  the  top 
of  the  storage  bulb  used  on  maser  H2  resulted  in  an  In¬ 
crease  In  wall  shift  compared  to  that  of  a  similar 
diameter  bulb  without  any  solid  Teflon  parts.  This  Is 
shown  In  fig.  1  in  which,  a  value  is  shown  for  bulb  A  in 
maser  HI.  This  bulb  was  of  similar  diameter  to  that  in 
H2  and  also  employed  a  Teflon  plug.  This  bulb  gave  a 
value  of  relative  wall  shift,  (6fUj  -  6fwj),  of  +  1.18  t 

0.26  mHz  at  28.8'C.  As  seen  from  fig.  1,  the  increase 
In  wall  shift  due  to  the  presence  of  the  Teflon  plug  was 
4.9  mHz  or  3.4  parts  In  101J. 

Determination  of  the  hydroaen  hyjerflne  transition 
frequency 

During  part  of  the  time  that  the  wall  shift  exper- 


Table  II 

Comparison  of  wall-shift  results  found  for  FEP  Teflon 


Author 

Year  of 
measurement 

No.  of 
bulbs 

K 

(mHz  cm) 
at  40*C 

(*C  ') 
at  40'C 

Vanler  6  Vessot® 

1963-1964 

6 

-528  ±  5 

(-5  i  1)  x  10-’ 

Mathur  et  al^ 

1964 

4 

-500  t  77 

Not  measured 

Zltzewitz  ct  al® 

1968-1969 

18 

-347  i  7 

(-12  i  1)  x  10_* 

Menoud  &  Racine^ 

1968-1969 

2 

-515  ±  28 

Not  measured 

Morris 

1970-1971 

5 

-390  ±  18 

(-10  ±  1)  x  10" * 
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Table  III 


Comparison  of  recently  published  values  of  the  hydrogen 
hyperfine  frequency 


Author 

Year  of 
measurement 

Laboratory 

Cesium 

Reference 

Hydrogen  frequency 
(Hz) 

1  420  405  751  + 

9 

Menoud  &  Racine 

1969 

LSRH 

Commercial  unit 

0.778  ±  0.004 

10 

Hellwig  et  al 
(experiment  1) 

1970 

Harvard  University 
and  NBS 

NBS  lab.  standard 

0.769  ±  0.002 

Hellwig  et  al1® 
(experiment  2) 

1970 

NBS 

NBS  lab.  standard 

0.767  ±  0.002 

A 

Essen  et  al 

1970 

NPL 

NPL  lab.  standard 
&  commercial  units 

0.767  t  0.001 

Morris 
(this  paper) 

1970-71 

NRC 

NRC  lab.  standard 

0.770  t  0.003 

iments  were  being  carried  out,  the  frequency  of  the 
reference  maser  H2  was  measured  with  respect  to  the  NRC 
2.1  m  cesium  standard  Cs  III.  The  frequency  comparison 
circuitry  Is  shown  In  fig.  2.  The  signal  supplying  the 
frequency  multipliers  is  derived  from  a  5  MHz  crystal 
oscillator,  which  may  be  either  free-running  or  may  be 
locked  to  the  cesium  resonance.  In  the  latter  case, 
the  use  of  the  synthesizer  and  multiplier  shown  allow 
the  frequency  of  cither  maser  to  be  compared  with  that 
of  Cs  III.  Therefore,  It  was  possible  to  compare  the 
frequencies  of  112  and  Cs  III  at  the  3ame  time  as  the 
frequencies  of  HI  and  112  were  compared.  Seven  frequency 
comparisons  between  H2  and  Cs  III  were  carried  out,  each 
on  different  days,  during  September  and  October  1970 
after  the  tuning  correction  for  H2  had  been  determined 
In  each  case.  From  the  results  of  these  frequency 
comparisons  and  the  value  of  the  wall  shift  of  maser  H2, 
6fuj,  obtained  from  the  extrapolation  In  figure  1,  the 

value  of  the  unperturbed  hydrogen  hyperfine  transition 
frequency  was  found  to  be  1  420  405  751.770  Hz.  Thi3 
value  is  based  on  corrections  at  present  applied  to  both 
K2  and  Cs  III.  The  error  limit  for  Cs  III  Is  i  1.5  x 
10"'1,  based  on  the  most  recent  re-evaluation11-  and  In¬ 
cluding  the  new  value  of  second-order  Doppler  shift; 
that  for  H2  Is  about  ♦  1.0  x  10"1J.  There  is  an  addi¬ 
tional  error  of  i  0.5  x  10_u  resulting  from  random 
errors  In  the  frequency  comparison.  The  value  for  the 
hydrogen  frequency  has  therefore  a  possible  error  limit 
of  about  i  1.9  x  10'1J  or  i  0.003  Hz.  In  table  III 
recently  published  values  of  the  hydrogen  frequency  ere 
given.  The  only  values  shown  in  the  table  are  those 
which  were  obtained  by  an  Independent  determination  of 
wall  shift  at  the  same  time  as  the  hydrogen-cesium 
frequency  comparison  was  carried  out.  'With  the  ex¬ 


ception  of  the  LSRH  result,  the  agreement  between  the 
present  NRC  determination  and  the  most  recent  measure¬ 
ments  by  other  laboratories  Is  satisfactory. 

Stability  of  wall  shift  with  time 

Exposure  of  a  Teflon-coated  storage  bulb  to  air 
for  extended  periods  might  cause  a  change  in  wall  shift 
due  to  chemical  changes  at  the  surface.  Some  estimate 
of  the  magnitude  of  such  an  effect  can  be  obtained  from 
the  data  shown  for  bulb  B  in  table  I.  This  bulb  was 
first  Instal'-d  In  maser  HI  In  April  1970  and  removed 
In  June  1970.  In  April  and  May  the  measured  difference 
In  wall  shift  between  this  bulb  and  that  In  the  refer¬ 
ence  maser  was  +  6.06  i  0.25  mHz.  The  bulb  was  then 
stored  In  air  until  February  1971,  when  the  measurements 
on  the  other  four  bulbs  had  been  completed,  and  was  then 
rc-lnstallcd  In  HI  and  the  difference  In  wall  shifts  was 
measured  again.  The  value  obtained  was  +  6.03  t  0.07 
mHz.  During  this  period,  the  reference  maser  was  kept 
under  vacuum.  Therefore,  within  the  combined  error 
limits  of  the  measurements,  i  0.26  mHz  (1  1.8  x  lO-15), 

It  Is  reasonable  to  assume  chat  exposure  to  the  air  for 
eight  months  did  not  cause  a  change  in  the  wall  shift 
of  bulb  B. 

Additional  evidence  for  the  stability  of  the  wall 
shift  of  FEF  Teflon  coatings  arises  from  an  experiment 
carried  out  jointly  by  the  National  Research  Council  and 
by  the  Radio  Research  Laboratories,  Japan.  In  this 
experiment,  a  storage  bulb  (RRL  #453),  15  cm  in  diameter, 
was  coated  with  FEP  Teflon  by  RRL  and  Installed  In  their 
maser  RRL-H2.  A  measurement  of  the  frequency  of  this 
maser  was  made  with  respect  to  th-  FR'.  .  mmcrcla!  cesium 


Table  IV 

Measurements  of  maser  frequency  with  RRL  bulb  #453  at  23*C 


Date 

Laboratory 

Maser  frequency  (Hz) 

(not  corrected  for  wall  shift) 

Aug.  1970 

RRL 

1  420  405  751.7376  i  0.002 

Oct.  1970 

NRC 

1  420  405  751.7374  ♦  0.0023 

Feb.  1971 

RRL 

1  420  405  751.7373  s  0.002 
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standards  in  August  1970.  The  storage  bulb  was  brought 
to  NRC  by  Dr.  Y.  Saburi  and  installed  in  maser  NRC-H1 
in  October  1970.  Measurements  of  the  maser  frequency 
with  respect  to  the  cesium  standard  Cs  III  were  made, 
using  maser  H2  as  transfer  standard.  The  storage  bulb 
was  removed  from  maser  HI  in  November  1970  and  returned 
to  Japan  by  air.  It  was  re-installed  in  RRL  maser  H2 
and  the  frequency  again  checked.  All  measurements  were 
made  at  a  storage  bulb  temperature  of  23'C.  The  results 
are  shown  in  table  IV.  The  values  given  are  the  maser 
frecuencles  corrected  for  magnetic  field  offsets,  tuning 
corrections  and  second-order  Doppler  shifts,  but  not  for 
wall  shift.  The  close  agreement  between  the  three 
measurements  indicates  both  the  lack  of  any  significant 
change  (i.e.,  not  more  than  2  x  10-13)  in  wall  shift 
over  a  period  of  seven  months  and  the  close  agreement 
between  the  cesium  reference  standards  maintained  by 
NRC  and  RRL. 


11.  Mungall,  A.G.,  Bailey,  R. ,  Daams,  H.  and  Horris, 
D.,  Metrologla  £,  165  (1968). 

12.  Mungall,  A.G.,  to  be  published  in  Metrologla  7, 
April  1971. 


Conclusions 


It  has  been  shown  that  the  use  of  a  number  of 
bulbs  of  different  sizes,  coated  with  the  same  batch  of 
material  using  the  same  technique,  is  a  valid  method  for 
the  measurement  of  wall  shift,  although  it  requires 
lengthy  and  tedious  experimental  effort.  Despite  the 
lack  of  agreement  in  the  results  obtained  for  the  wall 
shift  parameter  K  for  FEP  Teflon  by  different  workers, 
determinations  of  the  hydrogen  transition  frequency 
carried  out  at  the  same  time  as  wall  shift  determina¬ 
tions  involving  several  storage  bulbs  have  shown  good 
agreement  between  different  laboratories. 

Repeated  measurements  have  shown  that  the  change 
In  wall  shift  of  a  particular  storage  bulb  is  probably 
not  more  than  a  few  parts  in  1013  per  year. 
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HYDROGEN  MASER  FREQUENCY  STANDARD 


C.  Finnic 
R.  Sydnor 
A.  Sward 

Jet  Propulsion  Laboratory 
Pasadena,  California  93-103 


Summary 


Two  hydrogen  maser  frequency  standards  were  designed 
and  fabricated  at  the  Jet  Propulsion  Laboratory.  They 
have  been  in  field  operation  for  approximately  l|  years. 
This  paper  describes  maser  design  and  construction 
details  which  were  optimized  to  meet  deep  space  tracking, 
data  acquisition,  reliability  and  maintenance  require¬ 
ments. 

Good  short  term  stability  (1  part  in  10-1^  @  5  sec¬ 
onds)  was  achieved  by  the  use  of  a  high  hydrogen  flux 
level,  with  a  resulting  output  power  of  approximately 
-85  dbm.  The  frequency  stability  for  ^averaging  times  of 
50  seconds  and  higher  is  1  part  in  10*1  .  Hydrogen  pump¬ 
ing  speed  has  been  improved  using  special  hydrogen  pimp 
elements  developed  for  the  Atomic  Energy  Commission. 

In  order  to  synthesize  the  required  output  frequen¬ 
cies  for  the  Deep  Space  Net,  a  phase-locked  loop  re¬ 
ceiver  is  utilized.  Among  many  special  features  incor¬ 
porated  in  the  receiver  is  a  new  type  of  frequency  syn- 
ih‘  3.  zer  with  10*8Hz  increments  allowing  the  masers  to 
be  offset  in  frequency  as  little  as  V  part  in  10’. 
Special  techniques  were  used  in  designing  the  RF  modules 
in  order  to  minimize  FM  noise,  AM  noise,  and  long  term 
phase  drift. 

Frequency  stability  measurements  have  indicated 
very  close  correlation  between  the  predicted  short  term 
stability  and  its  measured  value,  as  well  as  excellent 
long  term  stability.  Some  of  the  other  things  to  be  dis¬ 
cussed  in  the  paper  are: 

1.  Thick  wall  Cer-vit  cavity  design 

2.  Thick  evaporated  copper  cavity  coating 

3.  Features  which  cake  field  maintenance  possible 
with  minimum  equipment  and  personnel 

4.  A  proportional  digital  cavity  tuner  using  medium 
scale  integrated  circuitry 

5.  Microwave  cavity  reflectometer  system 

6.  Optimum  noise  bandwidth  of  receiver 

7.  Techniques  used  to  minimize  PM  and  AM  noise  in 
RF  modules 

8.  Low  phase  noise  measurement  techniques 

9.  long  and  short  terra  frequency  measurements  of 
hydrogen  masers  and  receivers 

10.  Correlation  between  predicted  and  measured 
stability 

11.  Maser  reliability 

Design  Features  of  Maser  Physics  Unit 

The  JPL  Hydrogen  Masers  were  designed  to  meet  a  goal 
of  1  x  10' 1 3  frequency  stability  from  5  sec  to  10^  sec¬ 
onds.  In  addition  it  was  desired  to  achieve  a  short  term 
stability  os  good  as  practicable  to  obtain  narrow  RF  line- 
width.  The  units  were  to  be  field  serviced  by  means  of 
replaceable  modules  Insofar  as  was  possible.  Since  the 
units  were  to  operate  in  a  field  environment  as  opposed 
to  a  laboratory  environment,  consideration  of  magnetic 
and  thermal  transients  was  necessary.  These  various  re¬ 
quirements  dictated  to  a  large  degree  the  overall  design 
and  configuration  of  the  unit. 


The  maser  physics  unit  has  been  physically  separated 
from  the  control  and  receiver  electronics  in  the  JPL 
maser.  This  allows  the  physics  unit  and  electronics  rack 
to  be  Interchangeable  by  a  simple  cable  interface.  Also, 
electronics  maintenance  and  repair  are  physically  removed 
from  the  mechanical  shock  and  magnetic  field  sensitive 
maser  physics  package.  The  separation  simplifies  the 
removal  of  various  components  of  the  physics  unit  for 
mcintenance.  The  design  goals  for  the  physics  unit  were 
to  optimize  short  term  stability  for  telemetry  applica¬ 
tions  and  to  develop  a  reliable  unit  which  can  be  easily 
maintained  in  the  field.  Hydrogen  maser  short  term  sta¬ 
bility  (less  than  100  sec)  is  limited  by  the  ratio  of  the 
signal  power  delivered  to  the  maser  receiver  and  the 
noise  contributed  by  the  receiver,  cavity  and  cavity 
isolating  network.  Increasing  the  maser  output  power  is 
the  only  practical  means  of  making  significant  improve¬ 
ments  in  short  term  stability. 

Two  conditions,  in  particular,  limit  the  output 
power  of  a  practical  maser:  the  first  is  a  gain  satura- 
tic  produced  by  spin  exchange  collision  broadening  the 
hydrogen  resonant  lii.owidtl..  The  second  is  the  ion  pump 
life  time  determined  by  its  capacity  to  store  pumped 
hydrogen.  The  JPL  masers  make  use  of  special  ion  pump 
elements  developed  for  the  A.E.C.  by  the  Ultek  Corporation. 
This  is  shown  in  figure  x.  These  elements  use  3  mm.  thick 
titanium  plates  on  both  sides  of  the  pump  anodes.  The 
elements  ore  supported  on  flexible  insulator  mounts  which 
make  the  unit  less  vulnerable  to  foilurc  from  plate  warp- 
age.  Two  sets  of  these  elements  have  operated  in  JPL 
masers  for  greater  than  one  year  without  appreciable 
plate  distortion.  These  pumps  were  operated  at  approxi¬ 
mately  3  x  10*b  torr  and  have  a  200  liter/sec  pumping 
speed  for  eight  elements.  Tills  is  equivalent  to  a  hydro¬ 
gen  flux  of  1.8  x  10* 7  moleoiles/sec. ,  producing  a  maser 
output  power  of  -85  dbm.  The  ion  pump  current  is  h  ma. 
at  4300  V.  Stondard  ion  pumps  at  this  flux  level  have 
a  hydrogen  lifetime  less  than  6  months  -  limited  by  plate 
warpoge  and  insulator  breakage.  Line  broadening  (2-3  Hz) 
resulting  from  high  maser  output  power  requires  excep¬ 
tional  cavity  frequency  stability.  To  achieve  this,  the 
cavity  cylinder  is  fabricated  from  Cer-vit  material  which 
has  a  temperature  coefficient  of  approximately  10*7,  The 
cavity  is  surrounded  by  on  over,  within  the  vacuum  chamber, 
All  microwave  components  in  the  receiver  input  circuitry 
are  also  temperature  controlled.  The  cavity  oven  is  con¬ 
trolled  to  4f>°C  +  ,001°C;  the  microwave  components  to 
t*6°C  +  ,010°C,  and  the  maser  vacuum  chamber  and  ion  pump 
to  l*5°C  +  .1°C.  The  Cer-vit  cavity  is  copper  coated 
using  a  thick  evaporation  technique  developed  by  Hubert 
Erpenbach  at  JPL.  The  cavity  has  an  unloaded  "Q"  of 
57,000  and  is  operated  at  a  coupling  coefficient  of  .21. 

The  coupling  loop  is  approximately  3  nm>.  diameter. 

Automatic  Frequency  Tuning  Control 

A  digital  auto  tuner  has  been  developed  for  the 
masers  using  medium  scale  integrated  circuits.  The  sys¬ 
tem  measures  period  changes,  between  the  maser  and  a  ref¬ 
erence  oscillator,  produced  by  modulating  the  transition 


*  This  paper  presents  the  results  of  one  phase  of  research  carried  out  at  the  Jet  Propulsion  Laboratory,  California 
Institute  of  Technology,  under  Contract  No.  NAS  7-100,  sponsored  by  the  Notional  Aeronautics  and  Space  Administra¬ 
tion. 
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linewidtn.  A  proportional  correction  controls  a  cavity 
tuning  varactor. 


For  tuning,  the  masers  are  offset  by  .01  Hz.  The 
beat  period  is  measured  for  two  levels  of  hydrogen  flux. 
The  period  difference  is  integrated  in  an  updown  counter, 
buffered,  and  transferred  to  a  digltal-to-analog  conver¬ 
ter.  The  D/A  converter  controls  the  cavity  tuning  varac¬ 
tor.  Linear  drifts  in  the  tuning  reference  are  removed 
by  alternating  the  direction  of  the  modulation  and  period 
count  after  each  pair  of  counts. 


A  period  measurement  method  was  selected  over  a 
phase  locking  technique  because  tne  counter  readout  for 
*100  sec  beat  is  a  convenient  system  frequency  monitor 
at  100  sec.  Also,  the  zero  point  stability  required  of 
the  phase  detector  (mixer)  is  more  critical  for  a  phase 
locking  technique,  i.c.,  the  phase  detector  averages 
adjacent  quarter  cycles  and  a  static  zero  error  produces 
an  output  error.  For  a  zero  crossing  detector  the  phase 
can  be  measured  for  a  full  cycle  and,  to  the  first  order, 
a  static  error  does  not  change  the  period. 

The, tuner  will  typically  converge  to  a  6f/f  = 
x  10"1"4  in  approximately  U  hours,  using  a  second  maser 
as  a  tuning  reference.  For  reliability,  the  Deep  Space 
Network  operation  will  use  two  masers  at  each  antenna 
site.  Also,  to  guarantee  maser  short  term  performance 
(t's  less  than  1  week),  a  second  maser  is  essential  as  a 
comparison  reference.  The  tuning  method  to  be  used  with 
two  masers  is  to  modulate  one  maser  for  cavity  tuning; 
the  other,  tracking  the  averaged  frequency  of  the  first, 
will  be  used  for  the  prime  station  frequency  standard. 

A  second  digital  integrator  within  the  tuner  is  provided 
for  this  purpose. 


Hydrogen  Maser  Receiver-Synthesizer  Unit 


The  receiver-synthesizer  section  of  the  Hydrogen 
Maser  amplifies  the  low  level  output  signal  of  the  maser 
to  a  useful  power  level,  (+13  dbm)  and  produces  standard 
output  frequencies  of  100  MHz,  10  MHz,  5  MHz,  and  100  KHz 
The  receiver  is  a  triple  conversion,  second  order  phase- 
locked  loop  with  the  internal  voltage-controlled  crystal 
oscillator  operating  at  100  MHz.  The  noise  bandwidth  of 
the  loop  was  set  at  100  Hz,  yielding  a  slgnal-to-noise 
ratio  of  6b  db  where 


Power  Output  of  Maser  =  -8b  dbm 


-171* 


dbm 

Hz 


Bv  «  100  Hz 

Noise  figure  of  Rcvr=  5  db 


maximum  rate  of  change  of  phase  was  then  used  to  calculate 
the  stability  ^  of  each  module.  This  number,  modified 
by  any  loop  correction,  hod  to  be  less  than  or  equal  to 
5  x  10-1^ . 

Short  Term  Stability:  Good  snort  term  stability  requires 
that  both  amplitude  and  phase  modulation  be  minimized  in 
an  amplifier.  Until  recently  it  was  difficult  to  make 
low  level  phase  and  amplitude  noise  measurements.  They 
were  restricted  to  voltage  controlled  oscillators  and 
frequency  synthesizers  where  the  noise  was  high.  How¬ 
ever,  the  availability  of  more  sensitive  measuring  equip¬ 
ment  has  enabled  more  accurate  measurements  to  be  made. 

Upon  Investigating  the  cause  of  AM  ar.d  PM  noise  in 
amplifiers,  it  is  found  that  if  the  signal  power  is  much 
larger  than  the  noise  power,  half  the  additive  noise 
power  appears  as  amplitude  modulation  sidebands  and  tne 
other  half  ns  phase  modulation  sidebandsw.  It  can  he 
shown  that  if  the  amplitude  noise  and  phase  noise  arc 
both  small,  then  the  modulation  procesnes  can  be  handled 
separately'^),  For  amplitude  modulation  3lone  define 

single  sideband  AM  power  for  Jw|e[v-,Wg] 
AfwpWg)  total  carrier  power 

per  device,  referred  to  the  input.  Similarly  for  phase 
modulation  alone  define 

single  sideband  Hi  power  for  |w| eTw, ,Wg] 
P(w^’Vg)  ■=  total  carrier  power 

per  device,  reffered  to  the  input. 

A  typiccl  setup  that  Is  used  to  measure  either  AM  or 
Hi  noise  in  an  amplifier  Is  shown  in  figure  h,  To  measure 
the  FM  noise,  the  signals  at  the  Input  of  the  mixer  are 
put  in  quadrature  ar.d  the  output  is  low  pass  filtered  and 
amplified.  A  wave  onalyzer  then  measures  the  amount  of 
power  in  a  certain  bandwidth  of  the  spectrum.  If  one 
standardizes  on  a  1  Hz  bandwidth  at  10  Hz,  then  b  measure¬ 
ment  of  the  power  or  RMS  voltogc  in  this  bandwidth  can 
serve  as  a  basis  for  the  comparison  of  circuit  perfor¬ 
mance.  Similarly,  to  measure  AM  noise  the  inputs  to  the 
mixer  sre  kept  in  phase  and  Its  output  is  coupled  to  the 
d-c  amplifier  with  a  large  capacitor.  The  amount  of  AM 
nolae  will  be 

V 

A(v,,w?)  o  -i-  n  20  log 
vc  db 

where 

A(w,,Wg)  £  single  sided  amplitude  noise  relative  to  carrier 
for  |w|c[w1,Wg]  in  db. 

VNfWi,Wg]  n  RMS  Noise  voltage  for  |w|e[v^,w.,3 


^N^ul,w2^ 

2K 


The  frequency  synthesizer  located  in  the  inner  loop  has 
been  specially  modified  for  this  receiver.  Its  frequency 
ronge  is  bCO  KHz  to  510  KHz  in  steps  of  10‘°Hz,  thereby 
providing  the  maser  with  a  frequency  settability  of  7 
parts  in  10'1®.  The  synthesizer  is  driven  directly  from 
the  100  MHz  distribution  amplifier,  thereby  minimizing 
any  spectral  degradation  duo  to  additional  frequency 
dividers.  The  receiver  is  shown  in  figure  3>  The  syn¬ 
thesizer  has  been  designed  for  low  phase  drlf*  with 
temperature  in  order  to  utilize  its  lew  frequency  digits. 
The  maximum  rote  of  drift  of  phase  for  a  2$°C  step  in 
temperature  was  0.3  x  10'’  degrees  of  phase/second  at 
50  MHz  corresponding  to  a  frequency  atabillty  of  1.6 
parts  in  lo'ir‘. 

Long  Tara  Stability:  In  order  not  to  degrade  the  perfor¬ 
mance  of  the  maaer,  specifications  were  established  for 
each  RF  module  in  the  receiver  concerning  their  abort 
term  and  long  term  stability.  The  long  term  stability 
criterion  for  the  receiver  consisted  of  subjecting  each 
RF  module  to  a  step  change  in  temperature  of  10°c,  ond 
recording  the  maximum  rate  of  change  of  phase.  The 


K  =  RMS  value  of  S-curve  in  voHs/rad 
and  the  FM  noise  will  be 


P(w1»'J2) 


sb 


20  log 


VvV 


2K 


db 


where 

P(Wi,v  )  =  single  sided  phase  noise  relative  to  carrier 
for  (w |e[w^,Wg) 

Any  noise  perturbation  from  the  signol  source  will  tend 
to  cancel  out.  By  using  a  low  l/f  noise  d-c  amplifier 
ond  a  Srhottky  barrier  diode  mixer,  phone  jitter  in  the,, 
order  of  2ji  degrees  RMS/’/liz  could  be  measured  at  1C 
Measurements  conducted  on  standard  frequency  dividers 
and  distribution  ompllflers  prompted  us  to  design  all  new 
modules  using  Class  A  amplifiers.  RF  negative  feedback 
reduced  phase  noise  significantly  in  the  amplifiers  in¬ 
creasing  the  signal-to-phase  noise  ratio  by  20  or  30  db. 
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Phase  noise  was  not  affected  to  any  great  degree  by  ti.e 
type  of  transistor  used,  the  collector  current,  or  the 
l/f  characteristic  of  the  transistor.  A  plot  of  the 
single  sided  pliase  noise  relative  to  the  carrier  for  the 
distribution  amplifiers  as  cell  as  the  frequency  dividers 
is  shown  in  figure  s. 

Frequency  Stability  Measurements 

The  frequency  stability  for  the  masers  is  shown  in 
fipure  n.  It  can  be  seen  that  the  goals  descrioed  above 
have  been  met.  This  data  was  oririnally  taken  when  both 
masers  were  in  a  well-isolated  environment.  However,  it 
has  been  duplicated  with  one  maser  in  a  steel-semi¬ 
trailer.  The  data  for  10*'  sec  and  10  sec  were  taken 
with  the  masers  20  km  apart,  via  microwave  link,  account¬ 
ing  for  the  large  variance.  The  short  term  (<y  1/t), 
data  were  not  as  pood  as  expected  from  theoretical  con¬ 
siderations.  However,  tne  image  noise  in  the  receiver 
is  not  filtered  out  in  the  present  system.  Removing 
this  by  suitable  filtering  will  Improve  the  short  term 
stability  by  3  db.  In  addition,  measurement  of  the  local 
oscillator  frequency  multiplier  indicate  that  approxi¬ 
mately  2-3  db  improvement  will  be  obtained  when  on 


FIGURE  1  -  Ion  Pump  Element 


improved  frequency  multiplier  is  installed  in  June.  Thi 
data  .as  taken  at  a  maser  output  power  or  -C9  dbm.  Rais 
inp  the  power  to  the  nominal  -l 5  dbm  will  also  improve 
the  short  term  stability. 

Two  prototype  units  ore  being  constructed.  A  total 
of  six  units  will  be  fabricated  fcr  the  DSH.  One  addi¬ 
tional  unit,  mounted  in  a  semi- trailer  will  be  available 
for  experimental  work. 
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HYDROGEN  MASER  RECEIVER- SYNTHESIZER 


FIGURE  2  -  Hydrogen  Maser  Physics 
Unit 


FIGURE  3 
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FIGURE  5 


FIGURE  6 


